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This study has investigated methane fermentation on chicken manure with the high 
solid and the microbial community dynamics. Implementation and validation of the 
feasibility on methane fermentation in mesophilic and thermophilic reactor were 
conducted. The inhibitory effects of ammonia were evaluated on hydrolysis, acidogenesis 
and methanogenesis of the process in both mesophilic and thermophilic reactor. The 
resilience of the function in methane fermentation and recovery strategy was also 
investigated. The strategy for the reactor recovery after ammonia inhibition is important 
for the operation of the process. Once the process was inhibited the optimum strategy 
should be conducted as soon as possible to keep the process stability. The recovery of 
process was understood poorly and seldom reported. This paper filled the gap of process 
inhibition and inhibition recovering during the long term operation of high solid methane 
fermentation. The dynamic of the microbial community of archaea and bacteria was 
responding to the inhibition with different sensitivity levels. The functional archaeal 
community and bacterial community were investigated in the two reactors. The results 
showed the significant shifts in the dominate bacteria and archaea.   
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1.1 General perspective 
With the increase in intensive and mechanized poultry breeding industries, large 
amounts of waste are being produced. Annually, about 13 million tons of chicken manure 
(CM) is generated in Japan, which corresponds to 0.65 times the total food processing 
waste (MAFF, 2008). It will pose a strong public health threat due to the greenhouse 
gases (GHG) and leachates production without appropriate treatment as referred to the 
traditional way of chicken manure treatments, such as the incineration and compost 
(Fig.1). If there are toxic heavy metals like lead, mercury or arsenic going in one end in 
the treatment of incineration, they must come out in the form of toxic ash and toxic air 
emissions. The air pollution and toxic hazards in incineration associated with the huge 
amount of leachate produced by chicken manure compost threat to the public health. On 
the contrary, methane fermentation of chicken manure allows for bioenergy recovered 
besides minimizing the waste which has distinct advantages over conventional treatments 
(Fig.1). 
 
Fig. 1-1 Comparison of chicken manure treatment 
By 2030, the world is projected to consume two-thirds more energy than today, with 
developing countries replacing the industrialized world as the largest group of energy 
consumers. It is worldwide accepted that renewable energy is more environmentally 
friendly than fossil fuel and beneficial to enhance energy security (Dorian et al., 2006). 
An increase and an optimization of anaerobic digestion applications are required to 
enhance bio-waste treatment sustainability. Indeed, the methane fermentation process can 
be applied for the treatment of various types of bio-waste in a more sustainable way than 




















agricultural and farming solid waste and wastewaters. Furthermore, anaerobic methane 
fermentation is applied for stabilization, quantity reduction, and reuse of chicken manure. 
On one hand, the anaerobic digestion process has general advantages such as: 
① The production of biogas that can be used as a green source of energy, it can be 
applied for low strength wastewaters and high strength organic solid waste to the 
proper reactor configuration. 
② It can accommodate high COD loads, which adapts to remove and/or work in the 
presence of various toxicant components provided that adaptation time is allowed for 
the anaerobic biomass. 
On the other hand, the incorrect design of an anaerobic plant for certain applications 
and/or the inefficient operation of the plant will cause the following disadvantages to 
become more evident: 
① Anaerobic biomass growth is slow and the optimum growth is achieved at high 
temperatures. The optimum pH for the process lies in a narrow range near neutrality 
and with inapposite operation such as the temperature and substrate concentration the 
process will be easily running at a pH lower than the optimum range. 
② The process is sensitive to COD overloads and toxicant shock loads. Especially 
treating for the high N/C materials. The by production of ammonia will cause the 
process unstable and sometimes make the process unrecovered. 
③ The process is complex and difficult to operate, how to make the process sustainable 
is one challenge for the operation compared to other conventional processes. 
For certain applications, focus on the high solid and high Nitrogen-content of CM, 
optimization aims to maximize the anaerobic process advantages and to minimize or 
eliminate its disadvantages is the biggest challenge. This can be achieved by 
understanding the relationship of inhibitors and the operational strategy. With the 
purpose of established a valuable engineering applications and feasibility way for making 
the waste into a resource keeping economic interest, the solo high solid of CM 
fermentation both in mesophilic and thermophilic conditions were operated. The 
microbial community of archaea and bacteria were also evaluated to understand the 
relationship between the performance variation and the community dynamic. 
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1.2 Problem statement 
CM is rich in the organic matters. Consequently, the high organic-N content of CM is 
easily degraded into ammonia which is one of essential matters for the microbe growth at 
low concentration. Exposure to the extensive ammonia concentration, the inhibition will 
happen on the microbe accounting for toxicant shock loads. Improvements the removal 
efficiency of high organic-N content biomass is extremely important to the process, the 
more degraded of VS in the reactor the more ammonia were produced. Reactors that 
running under high ammonia concentration can easily lead to process inhibition. 
High solid methane fermentation techniques are valuable engineering applications in 
the fields of both renewable energy production and bio-waste degradation. However, 
high VS load equals high ammonia load, thus the high solid methane fermentation is 
more sensitive to ammonia concentration. Moreover, the relationship between 
operational performance and the dynamic transition of the archaeal and bacterial 
community remains poorly understood. The ammonia effect on the microbial community 
structure and the effect of the hydrolysis, acidogenesis and methanogenesis were closely 
related. Hence, it is necessary to evaluate the feasibility of various processes and to 
determine the functional microbial community dynamics while investigating methane 
fermentation over a wide range of ammonia concentrations with long term operation.  
With a serious inhibition of ammonia the microbial community will shift thoroughly, 
and the process cannot be going back to the stable state. Efforts to produce much more 
biogas by treating CM with dry methane fermentation methods with high solids resulted 
in failure (Gallert & Winter, 1997). Actually, CM has a higher nitrogen content than cow 
manure, food waste, pig manure and waste activated sludge (Qiao et al., 2011). The 
excessive ammonia produced due to the hydrolysis of this nitrogen material exerts a toxic 
and inhibitory effect on microbial activity and results in an unstable process (Angelidaki 
& Ellegaard, 2003; Chen et al., 2008). Attempts to use TS concentrations as low as 
0.5-3% were made to alleviate ammonia inhibition. However, the substantial amount of 
effluent produced meant the cost of following treatment was higher (Bujoczek et al., 
2000; Le Hyaric et al., 2011). While other efforts, including co-digestion with low 
nitrogen waste and diluting CM with other slurry to low total solid (TS), have been made 
to alleviate the ammonia inhibition effects, those methods were not always effective. 
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Previous researches reported that the co-digestion of CM with cattle slurry and 
fruit/vegetable waste was not able to counter high ammonia concentrations (Callaghan et 
al., 2002; Duan et al., 2012; Hidaka et al., 2012). As yet, the reasons for the difficulties 
encountered with the sole high solid fermentation of CM have not been revealed, let 
alone overcome the inhibition recovery according to the limited number of reports in the 
literature.  
 The strategy for the reactor recovery after ammonia inhibition is important for the 
operation of the process. Once the process was inhibited the optimum strategy should be 
conducted as soon as possible to keep the process stability. The recovery of continues 
process was understood poorly and seldom reported. The management of process 
recovery in time makes a quick recovery saving resources. Generally, micro-ecosystems 
are exposed to gradual changes or assumed to respond to gradual change in a smooth way, 
however, that smoothly change can be interrupted by sudden drastic switches to a 
contrasting state (Scheffer et al., 2001). Even diverse events can trigger such shifts and 
recent studies show that a loss of resilience usually paves the way for a switch to an 
alternative state. This suggests that strategies for sustainable management of such 
micro-ecosystems in reactor should focus on maintaining resilience. 
There are different anaerobic reactor types and configurations. Each configuration may 
be optimal for a certain application but not suitable for the other. The type of wastewater 
and the desired operation strategy will influence the choice of the reactor type and design. 
CSTR is the most suitable reactor for the high solid CM methane fermentation. Many 
variables need to be monitored frequently to follow up the reactor operation and avoid 
process upsets. Therefore, advanced tools are needed to be implemented and operation 
well to make the process feasible.  
1.3 Research goal  
 Develop, implement and apply the high solid of CM methane fermentation with 
investigating the threshold of the ammonia inhibition under both 35℃  and 55℃ 
conditions. Evaluating major shift in both the performance and the microbial community 
for the functional resilience, make a guideline for the engineering application of high 
solid of chicken manure fermentation.  
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1.4 Research objectives 
This research has the following four objectives: 
First objective: Implementation and validation the feasibility of the high solid 
methane fermentation with high ammonia concentration. 
With the purpose of recycling the waste into a resource, several tasks are done to 
fulfill this objective. Mesophilic and thermophilic CSTR reactors were conducted with a 
long-term operation to detect the feasibility of fermentation with 10 % high solid CM. 
With feeding stratagem of ammonia stripping CM at a TAN of 3000 mg/L for startup and 
keep more than one HRT (30 days). Then the raw chicken manure was used with a 
higher ammonia content to investigate the inhibition level of the process. NH4HCO3 was 
artificially added together with the raw CM to extend the TAN concentration and 
evaluating the threshold of ammonia inhibition. Lastly, the recovery stratagems were 
taking action in the process to investigate the resilience of the process.  
Second objective: Evaluation of ammonia inhibition effects on the process in both 
mesophilic and thermophilic reactor. 
The tasks to fulfill this objective are mainly concerned with interfacing methane 
fermentation on three steps of hydrolysis (H), acidogenesis (A) and methanogenesis (M). 
The concept of H, A, M are using COD conversion based on the total COD，CODVFA，
and CODCH4. Simulation was also used to analysis the exacted value of the inhibition 
efficiency. 
Third objective: The resilience of the function in the methane fermentation and 
recovery strategy investigation. 
Washing and dilution stratagem were the most effective way for the recovery process. 
Evaluating the exact factors of process recovery and the inhibition contribution in the 
process were investigated (The concentration of TAN and Free Ammonia as well as the 
VFA).  
Fourth objective: Investigating the functional archaeal community and bacterial 
community and comparison the mesophilic and thermophilic reactors.  
Archaeal community and Bacterial community dynamics were also evaluated to find 
the cause of the process inhibition.  
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1.5 Dissertation outline 
The PhD dissertation is organized as follows: 
Part I: Metabolism of methane fermentation. 
Chapter 2 reviews the main production and population of CM in Japan and all over the 
world. This chapter discusses key microbial community for the successful 
implementation of the methane fermentation. It illustrates the metabolism of the bacteria 
and archaea with synthetic works making the process sustainable. 
Part Ⅱ: Thermophilic methane fermentation ammonia inhibition and recovery 
Chapter 3 illustrates thermophilic methane fermentation with results of performance 
and microbial dynamics in the process. Thermophilic methane fermentation was 
investigated with detecting the tolerance of steps response to the ammonia inhibition. 
The extended Monode equation was used for the inhibition calculation of the H, A, and 
M. which is validated by lone term experimentation. It also shows the applicability of the 
acclimation and the dynamic of microbial communities. 
Part Ⅲ: Mesophilic methane fermentation ammonia effects and the threshold evolution. 
Chapter 4 develops a conceptual approach for long term operation of process 
functional resilience. The approach describes 3 main steps to evaluate the hydrolysis 
acidogenesis and methanogenesis. The recovery process was conducted with the purpose 
of evaluating the functional resilience.  
Part Ⅳ: Relationship between Microbial community dynamics and the performance 
variation 
Chapter 5 extends the relationship between process functional resilience and the 
microbial dynamic responding to the main factors. Comparison of mesophilic and 
thermophilic methane fermentation responded to the TAN, FA and VFA were conducted. 
It illustrates the difference tolerance of H, A and M to ammonia. It applies the example 
of the previous chapters to compare the general methodology.  
Finally, Chapter 6 provides the major conclusions of CM methane fermentation with 
energy balance and mass balance in mesophilic and thermophilic reactor. The proposal of 





Fig. 1-2  The whole paper structure 
 
General introduction
1.Chicken manure production, hazard and treatment technology
2. Research objectives and goal
Preliminary review
1.Chicken meat and chicken manure production      2. Comparison of CM treatment
3. Methane fermentation conditions and the functional microbial community
Process feasibility of  high solid methane 
fermentation 
Ammonia inhibition of hydrolysis, 
acidogenesis and methanogenesis
Investigated the performance of methane
fermentation during a long term operation and
calculated the Stoichiometry for methane
fermentation on CM. protein and carbohydrate and
TCOD removal efficiency. COD mass balance and
CH4 conversion ratio.
Focus on the feasibility and process performance
with purpose of engineering application.
Inhibition recovery and performance 
variation
Microbial community investigation and community dynamic evaluation
Comparison of the thermophilic and mesophilic dynamics both archaeal and bacterial functional community 
Achievement in this research realized the successful treatment of Chicken Manure 
Evaluating the recovery stagey in the process
Research on the TAN and FA effect to hydrolysis,
acidogenesis and methanogenesis. Simulation the
COD conversion efficiency
Evaluation the recovery strategy to the ammonia 
inhibition Investigated the TAN and FA threshold of 
recovery. 
In this part, 16S rDNA cloning and TRFLP were used to conduct the microbial community dynamics 
under different stages. The microbial community dynamic and the performance variation were analyzed. 
Process with functional and microbial resilience were proved 
Characteristics in this study:
1). Methane fermentation of CM was described in stoichiometry owning 0.74 m3 / kg VS degraded 
biogas production and 70.93 g/kgVS degraded of ammonia nitrogen without inhibition. Recovery 
stratagem of dilution was failed since after synthesized inhibition of ammonia and VFA.
2) The feasibility of mesophilic fermentation with high solid of CM was established at TAN lower than 
5000 mg/L, while thermophilic was lower than 4000mg/L. Recovery  concentration of TAN was lower 
than 2000mg/L in the reactors
3). Aceticlastic methanogens were more dominant in the mesophilic condition than the thermophilic 
condition. Significant shifts in hydrogenotrophic methanogens were noted in the thermophilic condition 
The resilience of archaeal community in mesophilic were higher than thermophilic  reactor bacterial 
community were chaotic dynamics
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Outline of the research 
 







Chicken manure production increased year by year with huge amount. Recycle waste 
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To get stability of a high solid methane fermentation on CM.
Making a sustainable biomass production with out inhibition.
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Chapter 2 Preliminary review: Chicken manure production and treatment technology 
 
 
2.1 Chicken meat and chicken manure production 
2.2 Chicken manure hazard to the environment 
2.3 Comparison of the methane fermentation and other traditional treatments 





  This chapter summarizes the CM production all over the world and discussed the hazards 
of CM. Moreover, the obvious characteristic of CM was compared to the other manure. In 
Japan the management of CM in the previous and the nowadays were also compared and 
reviews the previous treatment researches on CM. Anaerobic Digestion is the best way for 
CM treatment with the renewable biogas production and the energy recovery. 
Anaerobic Digestion of methane fermentation is a sustainable renewable energy 
production process with advantages in economics and in environmental shown as below. 
 
  
•Biogas resulting by anaerobic digestion is a source of renewable energy   
because it replaces fossil energy
•Reduction of pollution due to nitrogen stripping (please refer to the  “Sludge” 
heading)
•Sustainable management of organic waste
http://www.biogas-renewable-energy.info/anaerobic_digestion_advantages.html
•Additional income 
•Autonomy in heat in a context of increase in the cost of fossil energies
•Diversification of outlets for crops
•Reduction of manure purchase thanks to valorisation of digested sludge
Environmental advantages
Economic advantages:
•Biogas resulting by anaerobic digestion is a source of renewable energy   
because it replaces fossil energy
•Reduction of pollution due to nitrogen stripping (please refer to the  “Sludge” 
heading)
•Sustainable management of organic waste
http://www.biogas-renewable-energy.info/anaerobic_digestion_advantages.html
•Additional income 
•Autonomy in heat in a context of increase in the cost of fossil energies
•Diversification of outlets for crops






2.1 Introduction of Chicken meat and chicken manure production  
Table 2-1 Chicken meat production all over the world 
Rank Area 
Production 
(Int $1000) Production (MT) Flag 
1 United States of America 24377301 17114000 F 
2 China 17300888 12146028 Fc 
3 China, mainland 16460576 11556091 Fc 
4 Brazil 16346907 11476290 F 
5 Russian Federation 4095595 2875298 Fc 
6 Mexico 3928494 2757986 F 
7 India 3142526 2206199 Fc 
8 Iran (Islamic Republic of) 2410566 1692330 Fc 
9 Argentina 2347733 1648218 F 
10 Indonesia 2298371 1613564 Fc 
11 Turkey 2298185 1613432 Fc 
12 South Africa 2116109 1485607 F 
13 Malaysia 1980932 1390707 Fc 
14 Japan 1966393 1380499 Fc 
15 United Kingdom 1949825 1368868 Fc 
16 Thailand 1789086 1256021 Fc 
17 France 1652312 1160000 F 
18 Spain 1650471 1158707 Fc 
19 Poland 1642335 1152996 F 
20 Peru 1546002 1085366 F 
*: Unofficial figure, F: FAO estimate, Fc: Calculated data 
 
The poultry sector has undergone major structural changes during the past two decades 
due to the introduction of modern intensive production methods, genetic improvements, 
improved preventive disease control and biosecurity measures, increasing income and 
human population, and urbanization. With the improvement of people's living standard and 
Economic conditions improved more and more meat is huge demanded nowadays. 
Particularly, in the latest issue of its World Poultry Outlook, published August 3rd, the 
United States Department of Agriculture forecast the world poultry meat production will 
increase 2% globally to 100 million MT, in 2011 and still increasing year by year (Table 2-1). 
Despite this being half of last year‟s rate of increase for poultry meat production worldwide, 




affected by high feed costs are Brazil, China, the EU and the US. These players account, 
altogether, for two thirds of the world‟s poultry meat production.  
http://www.worldpoultry.net/news/world-chicken-meat-production-up-in-2011-9199.html. 
Table 2-2 Approximate scale of chicken manure production 
Unit  
(10 000 tonnes) 






Poultry Meat Approximate scale 
Manure 
All over World 28155.9 6514.6 1304.8 10606.9 9130.8 12783 
United States 4161.6 1189.1 10.3 1044.2 1895.3 2653 
China 7821.4 642.5 386.7 4987.9 1643.8 2301 
 Brazil 2246.5 902.4 10.9 292.4 1038.5 1454 
 Mexico 564.2 166.7 9.4 116.3 263.3 369 
 Russian Fed. 657 174.1 18.3 217 236 330 
 France 553.7 146.7 9 200.4 172 241 
 Iran 256.7 37.5 49.6 - 168.2 235 
U-Kingdom 353.4 85 30.3 72 165.2 231 
 Indonesia 264.4 44.3 12.8 63.7 143.5 201 
 Japan 323.2 51.7 - 131 139.5 195 
 Germany 790.4 119.3 2.1 527.7 131.6 184 
 Turkey 193.6 32.6 29.9 - 130.8 183 
 Canada 447.7 128.8 1.6 194.1① 121.2 170 
 Spain 531.2 59.8 13.3 329.1 120.6 169 
 Argentina 443.9 283 6.2 23 120.4 169 
 Poland 332.2 40.3 0.1 173.5 115.5 162 
 Italy 413.3 105.7 4.1 158.8 115.4 162 
 Thailand 213.6 27.4 0.2 75.6 110.5 155 
 Malaysia 127 2.7 0.1 19.9 104.2 146 
 South Africa 222.2 77.7 13.1 31.3 98.1 137 
 Ukraine 192 45.4 1.8 52.7 89.4 125 
 Australia 405.3 214.8 67.5 32.4 88 123 
 Netherlands 252.7 40.2 1.5 127.5 83.4 117 
 Myanmar 143.6 15.4 2.9 45 80.3 112 
 Venezuela 170.6 48.3 0.9 16.8 80.2 112 
 Philippines 282.7 28.4 5.3 171 76.7 107 
 Egypt 152.5 60.8 6.1 0.2 72.9 102 
 India 440.1 231.3 71.9 48.1 72.7 102 
 Pakistan 253.9 144.1 42.5 - 65.7 92 
 Viet Nam 347.6 29.5 1.1 255.3 59.9 84 
 Korea,Rep. 185.2 24.6 0.2 105.6① 54.2 76 
Source: FAO Database.2010;  Note:①Data refer to 2008 
 
Poultry production encompasses a number of different species, including the chicken 
(reared for laying eggs-"layers", or meat production-"broilers"), turkeys, ducks, and other 
waterfowl and game birds. Each species and particular type of production is uniquely 
different. We will primarily focus on laying hens and broiler production. Before estimating 




all over world chicken meat production. From the table we can see that the United States of 
America, China, Brazil, Russian Federation, Mexico, India is the top ranked countries all 
over the world with chicken meat productions over 2206199 MT annually.  
The increase in poultry meat consumption has been most evident in East and Southeast 
Asia and in Latin America, particularly in China and Brazil. The share of the world‟s poultry 
meat consumed in developing countries rose from 43 to 54 percent between 1990 and 2005, 
which accounted for 36 percent of the large net increase in meat consumption in developing 
countries over this period. And another remarkable phenomenon should be pointed out that 
Japan with a rank of the 14
th
 all over the world consuming about 1380499 MT annually. 
Consequently, with the huge production and consuming of chicken meat, the manure 
production is also huge theoretically. With the purpose of calculation the manure production, 
equation (2-1) was used in an approximate scale. Where M is poultry manure, Q1 is a 
production of poultry, a conversion coefficient, Q2, fodder Digestibility rate.  
Estimate by equation： M =Q1*a - Q2               (2-1) 
M：poultry manure, 
Q1：production of poultry 
a： conversion coefficient 
Q2：fodder Digestibility rate 
Chicken meat occupied about 80% of poultry meat with equal amount of chicken manure 
about 80% of poultry manure 127 million MT. CM equals about 1.2% of MSW all over the 
world which is produced 10BT annually (Table 2-2). In China, the production of excess 
activated sludge is 26 MT annually, while the production of Chicken manure even reached to 
23MT/a. Often manures are considered waste materials and a place to dispose of them has to 
be found. However, if the manure is considered a by-product of the industry, a possible use 
for it in a market economy can be found. The problem in today's mass production poultry 
farms is that alternative uses for poultry manure must be employed as most of these farms do 
not own enough land to simply use the poultry manure as fertilizer. These large quantities of 
poultry manure production pose serious socio-economic problems, the most prominent of 




state book of FAO calculation, about 1300000MT of chicken meat were consumed in recent 
years since from the year of 1990 (Fig.2-1). Annual emissions of roughly of (feather) per 
head by (age further) and kinds were calculated. Therefore, a simple method that multiplied 
production rate by the basic unit of feeding head number, can be estimated the total 
production. In Japan, about 90 million tons of manure was produced annually as shown in 
Table 2-3. 
 
Fig. 2-1 Chicken meat production in Japan following time (Approximate scale only) 
The volume of manure generated in japan annually is equivalenting to about 75 times the 
volume of the Tokyo Dome. With similar productions volume of food waste (about 20 
million tons per year emissions) as well as the other bio wastes such as forest residue 
material, including the thinning materials and damaged trees accounting for a quarter of 
generally (about 340 million tons) the total amount of biomass resources in Japan. 
Increases in the demand for poultry products have led to the rapid and concentrated 
growth of the industry, which has caused excessive manure supplies in certain areas. 
However, Chicken manure can be either a valuable resource or an environmental pollutant. 
Generally, manure refers to feces and urine produced by chicken which contains organic 
matter and nutrients, having fertilizer value when applied to the land and used by crops after 
an appropriate treatment. These characteristics also affect the nutrients available for land 


















factors: animal species; feed ration digestibility, protein, and fiber content; animal age and 
productivity; manure management and handling, and the environment. The waste system 
may also add bedding, soil, water, hair, etc. (Tao & Mancl, 2008). Usually, chicken manure 
with 20–25% solids content (75-80% moisture content) can usually be handled as solid. In 
the 10–20% solids content range, handling characteristics vary depending on the types of 
solids present. Manure with 4–10% solids content can usually be handled as a liquid, but 
may need special pumps. Manure with 0–4% solids content is handled as a liquid with 
irrigation or flushing consistency. Liquids that have had the larger solids settled or filtered 
out or manure with dilution water added may have 4% or less solids. 
Table 2-3 Manure production of different kinds of livestock in Japan 
Kind of manure Production (MT) 
Dairy cattle 24 000 
Beef cattle 25 260 
Pig 22 490 
Laying hens chicken 7 650 
Chicken for meat/ Broilers 5 010 
Total 84 420 
Comment： Calculated data based on the Livestock production statistics 2012. 
 
Although chicken manure is an extremely valuable resource, inappropriate treatment and 
excessive land application rates can lead to nitrate leaching into groundwater, phosphorus 
(P) runoff into adjacent water bodies, and possibly cause elevated bacterial or viral pathogen 
levels in lakes and rivers. Knowledge of the amount of manure and plant nutrients produced 
on a poultry farm is the first step in the proper operation of a manure handling and utilization 
system. The nutrient content of Poultry manure will vary with the digestibility of the ration, 
animal age, amount of feed wasted, the amount of water wasted, the amount of bedding used, 
and the number of times the poultry house is cleaned in a year. 
Chicken manure includes nitrogen (N), phosphorous (P), potassium (K), calcium (Ca), 
magnesium (Mg), sulfur (S), manganese (Mn), copper (Cu), zinc (Zn), chlorine (Cl), boron 
(B), iron (Fe), and molybdenum (Mo). Plant nutrients originate from the feed, supplements, 
medications, and water consumed by the animals. Using chicken manure as a fertilizer for 
crops or trees may provide a portion, or all, of the plant requirements. The amount of 




manure) and the amount of manure applied (ton of manure/acre)(Fig.2-2). The amount of 
manure applied per acre (called the application rate) is typically based on the nitrogen needs 
of the plants. The nutrient content of poultry manure from several types of poultry facilities 
is compared in Table 2-4. (a classic example in USA) 
 
Fig. 2-2 Nutrient content (in kg per MG of fresh manure) comparison of types of CM 





2.2 Environmental hazards of chicken manure  
Chicken manure is rich in nitrogen and phosphorous, which are common sources of 
pollution with huge amount. Chicken manure also contains bacteria, viruses, parasites and 
arsenic, which is added to chicken feed to control parasites and promote growth. High levels 
of nitrogen and phosphorous stimulate algae growth. As the algae dies it consumes oxygen, 
killing aquatic life. The growth of the poultry industry is a result of an increasing demand for 
an inexpensive source of protein. Copper, Iron and Zinc Boost Dioxin Formation were also 
contained in the CM, while land application it will lead the second pollution. The GHG and 
emission will make the air pollution and the leachate from the compost caused the soil and 
land pollution with a threat to the public health. And the traditional treatment way such as 
incineration will produce the tetrachlorodibenzo-p-dioxin a kind of classic pollution in the 
air. 
① Foul smelling gas /air pollution 
② Inframicrobe, pathogen /soil, water pollution 
③ Ammonia hazard /water and soil pollution 
④ Organic acid hazard /soil and water pollution 
⑤ Water damage/Solid damage 
2.3 Comparison of the methane fermentation and other traditional treatments 
With the increase in intensive and mechanized poultry breeding industries, large amounts 
of waste are being produced. Annually, about 13 million tons of chicken manure (CM) is 
generated in Japan, which corresponds to 0.65 times the total food processing waste (MAFF, 
2008). The traditional treatment methods such as composing (Table 2-5) and combustion 
have second pollutions. Compared with these methods, methane fermentation becomes a 
more attracting method. Even though there has some advantage in Chicken manure 
composting which gives the manure time to break down some of its more powerful nutrients 
so that they are more usable by the plants. Composting chicken manure is simple. The next 
step in chicken manure composting is to take the used bedding and put it into a compost bin. 




6-9 months, on average, for chicken manure compost to be done properly. The exact amount 
of time it takes for composting chicken manure depends on the conditions under which it is 
composted. Work the compost into the soil with either a shovel or a tiller. Chicken manure 
for vegetable garden fertilizing will produce excellent soil for your vegetables to grow in. 
You will find that your vegetables will grow bigger and healthier as a result of using chicken 
manure fertilizer. Composting is an easy and cheap way to make nutrient rich fertilizer for 
your garden. Manure is nutrient rich as it is, but must be applied to organic fields at least 120 
days before planting. Other reasons to compost manure are below. However, as shown in the 
table, the disadvantage of compost is so obvious. 
Table 2-5 Advantage and disadvantage in the compost (Haug, 1993) 
Advantages Disadvantages 
Concentrates Nutrients  
Easier to transport  
Composting Kills Parasites  
Usable in organic systems.  
Usable on land where food is grown for direct human consumption  
Kills weed seeds No odor when spread  
Loses about half the available nitrogen  
Releases greenhouse gases  
Need to have a composting area  
Need to control rainfall runoff from the composting area  
Difficult to do with liquid manure  
Some manures might need a carbon source 
Since the organic matter in CM is highly biodegradable, methane fermentation is 
considered the best method to minimize waste and recover bioenergy. Efforts to produce 
much more biogas by treating CM with dry methane fermentation methods with high solids 
resulted in failure (Gallert & Winter, 1997). Actually, CM has a higher nitrogen content than 
cow manure, food waste, pig manure and waste active sludge (Qiao et al., 2011). The 
advantage of anaerobic methane fermentation was showed in Table 2-6. 
The anaerobic digestion of organic wastes leads to the generation of biogas, which 
contains of approximately 60% CH4 and 38% carbon dioxide (CO2) (Rasi, 2009). The 
remaining 2% is water vapor, NH3 and hydrogen sulfide. CH4 has a range of possible uses as 
an energy source, but it has primarily been used by direct burning for heat or as fuel for 
internal combustion engines (Hashimoto, 1986). Efforts to produce much more biogas by 
treating CM with dry methane fermentation methods with high solids resulted in failure 




waste, pig manure and waste active sludge (Qiao et al., 2011). The excessive ammonia 
produced due to the hydrolysis of this nitrogen material exerts a toxic and inhibitory effect 
on microbial activity and results in an unstable process (Angelidaki & Ellegaard, 2003; Chen 
et al., 2008). Attempts to use TS concentrations as low as 0.5-3% were made to alleviate 
ammonia inhibition. However, the substantial amount of effluent produced meant the cost of 
following treatment was higher (Bujoczek et al., 2000; Le Hyaric et al., 2011). While other 
efforts, including co-digestion with low nitrogen waste and diluting CM with other slurry to 
low total solid (TS), have been made to alleviate the ammonia inhibition effects, those 
methods were not always effective. Previous researches reported that the co-digestion of CM 
with cattle slurry and fruit/vegetable waste was not able to counter high ammonia 
concentrations (Callaghan et al., 2002; Duan et al., 2012; Hidaka et al., 2012). As yet, the 
reasons for the difficulties encountered with the sole high solid fermentation of CM have not 
been revealed, let alone overcome, according to the limited number of reports in the 
literature. 
Table 2-6 Comparison of aerobic and anaerobic treatment method (Rilling, 2005). 
Characteristics Anaerobic methane fermentation Aerobic composting 
Phases  solids, liquid  solids, liquid, gas 
Degradation rate up to 80% volatile solids up to 50% volatile solids 
Energy consumption excess produced  demands input 
Technical expenditure in the same range 
Duration of the process  1–4 weeks(only anaerobic stage)  4–16 weeks(depending on the process) 
Post-treatment  generally necessary (post-composting about 2–8 
weeks) 
generally none 
Floor space required comparatively low  comparatively low or high 
(depending on the process) Odor emission  comparatively low  comparatively high 
Stage of development little experience but increasing  much experience 
Costs  in the same range 
Sanitation  external process step integrated 
Suitability of wastes  wide (wet and dry wastes)  narrow (dry wastes) 
Poultry manure has a higher fraction of biodegradable organic matter than other livestock 
wastes (Hill, 1983). Manure from animals is a very wet, bulky material, containing as much 
as 90% water. Of the 10% that is dry matter, much of it is carbon. The manure handling 




management systems may have a liquid stream with greater than 98% moisture while 
manure scraped from open lots can contain a very high percentage of soil. As a result, the 
plant nutrient content of the manure is a very small portion of the weight/volume. Yet this 
substrate, rich in organic nitrogen, when anaerobically digested at its original solids content 
of 20-25 %, can cause a reduction of process performance caused by ammonia accumulation 
(Bujoczek et al., 2000). A common approach to this problem relies on dilution of the manure 
to 0.5-3.0 % total solids (TS) thereby eliminating ammonia inhibition of digestion. The 
resulting large volume of the wastewater and waste solid to be processed makes this method 
economically unattractive. There have been some efforts made to treat the manure in its 
semi-solid state. (Converse et al., 1981) operated a farm poultry digester fed with 11.4 % TS 
manure. However, high VFA (15 g/L) content of the digested and low volatile solids (VS) 
reductions was obtained. The process was inhibited by the ammonia which indicating the 
need for optimization. Safley et al.(1987) reported better performance of a full-scale digester 
running at a lower solids level 5-9% TS. 
Apparent buildup of hydrogen supplied to inhibitory levels in most of the reactors and 
overall reduced conversion efficiency with very long retention times employed pointed out 
the limitation of the application. Webb and Hawkes (1985) tested a broad range of solids 
from 1 to10% TS and showed optimum substrate bioconversion to methane at 4-6% influent 
TS. They suggested a two phase operation with the first hydrolysis/acidogenesis phase and 
the second methanogenic phase, already pre-adapted to high levels of ammonia, as an 
alternative to a single-stage design. The above experiments were carried out within the 
mesophilic temperature range (30-38℃). Huang and Shih (1981) conducted a thermophilic 
(50℃) digestion of diluted manure at different solids concentrations and retention times and 
concluded that maximum CH4 production can be obtained at 6%VS and 4 days retention. 
Jantrania and White (1985) attempted a laboratory-scale digestion of poultry manure at 
30-35%TS. 
Manure management in the (processing and storage) method, depending on the usage 
patterns of treatment and after the properties of livestock manure that occurs, there are a 




prevented by implementation of effective best management practices. Examples of best 
management practices include proper nutrient management using agronomic rates of N 
and/or P, use of buffer zones between treated areas and waterways, correct timing and 
placement of manure, and irrigation scheduling of liquid manure to limit groundwater 
contamination. Future research needs include the development of new method that result in 
decreased negative environmental impact of land applications of this important resource 
(Moore et al., 1995).  
In the case of Japan, that the national land is narrow, landfill is impossible.  
Management of livestock manure in Japan was summaries in table 2-7. It would have been 
(processing and storage). In 1999, about 9 MT of manure were mined and dumping, 
compared to 1 MT after 2005 with the livestock law enforcement. With 80MT of manure 
forcing composting and liquid fertilizer after 2005 compare to 75 MT before 1999. 
Table 2-7 Management way of manure in Japan before and after the Livestock waste law 
Year  1999 before the Livestock waste law 2005 after the Livestock waste law 
Mining and dumping 9 1 
Composting, liquid fertilizer 75 80 
Carbonization and incineration 6 7 
The proper handling and management (Table 2-7) of manure can augment or replace 
purchased commercial fertilizer, while avoiding harm to the environment. The quantity, 
composition, and consistency of manure influence the selection and the design of 
manure-handling facilities. Non-renewable energies like coal, atomic energy and 
hydrothermal are the current scenario in power generation. Even, when fossil fuels burn they 
leave by-products that damage both the environment and health, causing misery for millions 
of people. 
The energy sector is a vital sector for the economic and social development of a country. 
But now we are facing lack of non-renewable resources like coal, petroleum reserves. 
Currently, methane fermentation from CM on the production of electric energy has a high 




likely to grow rapidly and utilities will adapt to the opportunity with challenges. The future 
of day-lighting as a renewable energy resource applied in buildings is, therefore, very 
promising and eventually, it assures 100% energy production process with less expensive 
and helps in high environmental protection (Joseph et al., 2011). Renewable energy sources 
offer a viable option to address the energy security concerns of a country. Possible uses for 
the digester effluent include fertilizer and feed supplement for animals, although the nutritive 
value of the effluent is dependent on the digestive system and operation method (Lacey et al., 
1980) as well as the method of collection (Hashimoto et al., 1980).  
Studies of biogas generation by anaerobic digestion of a number of animal wastes, 
including poultry waste, points that several variables influence biogas generation. A number 
of researchers have described the method of digestion systems for poultry manure (Converse 
et al., 1977, 1980; Yang and Chan, 1977; Rockey et al., 1978; Jantrania and White, 1985; 
Safley et al., 1985; Mahadevaswamy and Venkataraman, 1986; Shih, 1988). Most of these 
systems were designed to operate in the mesophilic range (approximately 35°C), as 
recommended by Smith (1980) for on-farm systems. There are also a few reports of full 
scale reactor such as HOSOYA Fermentation System For Poultry & Pig manure in Japan and 
other full scale of co- digestion to avoiding ammonia inhibition (小川幸正 et al., 2005). 
2.4 Methane fermentation conditions and the functional microbial communities  
2.4.1 Definition of the bio-reaction steps in the methane fermentation process 
Anaerobic degradation is affected by various specialized groups of bacteria in several 
successive steps, each step depending on the preceding one. For industrial-scale application 
of anaerobic fermentation processes it is necessary to have a thorough knowledge of these 
interactions, to avoid substrate limitation and product inhibition. The entire anaerobic 
fermentation process can be divided into four steps (Fig.2-3) a four steps of fermentation and 
b COD flux in the particulate composite): 
① converted into simpler monomers. Complex molecules (carbohydrate, lipid and  






Fig. 2-3 Steps of the fermentation and the COD flux of particulate materials modified 
(Batstone et al., 2002). 
② Acidogenesis: A biological reaction where simples monomers are converted into 
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volatile fatty acids.  
③ Acetogenesis: A biological reaction where volatile fatty acids are conveted into 
acetic acid, carbon dioxide, and hydrogen. The first process is catalyzed by 
enzymes called carbon monoxide dehydrogenase. The second CO2 + 4 H2 → 
CH3COOH + 2H2O is called the Wood-Ljungdahl pathway. 
④ Methanogensis: A biological reaction where acetates are converted into methane 
and carbon dioxide , while hydrogen is consumed. 
At least three groups of bacteria are involved in the anaerobic fermentation process. First, 
during hydrolysis, the mostly water-insoluble biopolymers such as carbohydrates, proteins, 
and fats are decomposed by extracellular enzymes to water-soluble monomers (e.g., 
monosaccharides, amino acids, glycerin, fatty acids) and thus made accessible to further 
degradation. In the second step (acidification) the intermediates of hydrolysis are converted 
into acetic acid (CH3COOH), hydrogen (H2), carbon dioxide (CO2), organic acids, amino 
acids and alcohols by different groups of bacteria. Some of these intermediate products 
(acetic acid, hydrogen, and carbon dioxide) can be directly used by methanogenic bacteria, 
but most of the organic acids and alcohol are decomposed into acetic acid, hydrogen, and 
carbon dioxide during acidogenesis. Only these products, as well as methanol, methylamine, 
and formate, can be transformed into carbon dioxide and methane (CH4) by methanogenic 
bacteria during the third and last step, methane formation.  
Among the steps of the reaction, about 30 % of carbohydrates and 30% of protein and 30% 
of fats except the 10% of inerts were separated for the particulate materials.  Approximately, 
64% of COD were transferred into the form of acetic acid and 16% of CO2 together with H2 
and lastly the degraded COD were converted into the CH4 gas totally reaching the target of 
removal waste into a resource. To be useful for bioenergy production, a microbial 
community must have a stable metabolic function over time, despite the unavoidable 
perturbations and disturbances that occur in real world systems. The activity of 
microorganisms in anaerobic fermentation processes depends mainly on water content, 
temperature, pH, redox potential, and the presence of inhibitory factors (Rilling, 2005) as 




Table 2-8 Comparison of the mesophilic and thermophilic process in operation  
Process Operation  Mesophilic (35 °C) Thermophilic (55 °C) 
Process stability  higher  lower 
Temperature sensitivity low high 
Energy demand  low  high 
Degradation rate  decreased increased 
Detention time  longer or the same shorter or the same 
Sanitation  no  possible 
The effect factors are described in particular： 
1). Water content：Bacteria take up the available substrates in dissolved form. Therefore, 
biogas production and the water content of the initial material are interdependent. Below 
20% by weight, hardly any biogas is produced. With increasing water content biogas 
production is enhanced, reaching its optimum at 91%–98% water by weight (Garcia et al., 
2000). 
2). Temperature：The process of bio-methane production is very sensitive to changes in 
temperature, and the degree of sensitivity depends on the temperature range. For most 
methane bacteria, the optimum temperature range is mesophilic between 30 and 37 °C 
(Maurer & Winkler, 1980). In the thermophilic range, between 55and 65 °C, a fairly constant 
temperature has to be maintained, since deviations by only a few degrees causes a drastic 
reduction of the degradation rates and thus biogas production. 
3). pH Level：The pH optimum for methane fermentation is between pH 6.7 and 7.4. If 
the process acidulated with a pH drops below 6, the balance in the biomass being upset and 
the acid-producing dominate the acid-consuming bacteria. The medium becomes inhibitory 
or toxic to the methanogenic bacteria. In addition, strong ammonia production during the 
degradation of proteins and urea may also inhibit methane formation with the pH higher than 
8. VFA and ammonia composed a buffer system in the reactor. Normally, acid and ammonia 
production vary only slightly due to the buffering effect of carbon dioxide/bicarbonate 
(CO2/HCO3
-
) and ammonia/ammonium (NH3/NH4
+
), which are formed during fermentation, 




4). Inhibitory Factors: The presence of heavy metals, antibiotics, and detergents can 
inhibit the process of biomethanation.  
 
Fig. 2-4 Bio-reactions in the methane fermentation reactor and mass transfer 
Generally, the reactions in the reactor are shown as Fig.2-4. In the reactor, 3 phases of the 
reaction were separated: gas, liquid and solid. Bio-reaction in the reactor including CODs 
flux, ammonia separation, sulfide separation and the buffer conditions in the liquid phase. 
Meanwhile in the phase of top gaseous phase, based on Henry's law, the free ammonia and 
free H2S gas were also calculated. The particle organic matters（Chicken manure）
degradation in the reactor of methane fermentation is shown in the Fig.2-5. The most parts of 
CM were positive ones which means they can degrade easily in the small particles such as 
cellulose starch and lipid, while another part is called negative ones, which can produce the 
by-production of H2S and NH3 with the inertia such as sands and stones in the CM. 
For the engineering application, mesophilic and thermophilic methane fermentation are 
the most used methods. The mesophilic fermentation usually requires over a 20-day 




of pathogenic organisms. To overcome these limitations, interest in thermophilic digestion, 
using the higher metabolic rate of thermophilic microorganisms, has increased (Fang & 
Chung, 1999; Maibaum & Kuehn, 1999; Song et al., 2004; Zabranska et al., 2000). 
Although better performance in the reduction of volatile solids and deactivation of 
pathogenic organisms can be obtained from thermophilic digestion, the effluent quality and 
ability to dewater the residual sludge are poor, and require additional energy to heat the 
digester (Kim et al., 2002b). Especially, thermophilic digestion is a little more sensitive to 
operational conditions, such as temperature, and the organic loading rate, as well as to the 
characteristics of the influent sludge (van Lier, 1996). Generally, anaerobic processes can be 
characterized from the digestion environments, microorganisms and process configuration, 
and each process has its unique advantages. However, the use of thermophilic anaerobic 
digestion has been limited, because of some disadvantages like poor  
 


















































supernatant quality and poor process stability related to chronically high propionate 
concentrations (Kim et al., 2002a). 
The four steps of bio reaction were summaries under dominate microbial communities in 
hydrolysis and acidogenesis and acetogenesis and lastly with the reaction of methanogens, 
biomass which can be converted into energy. For the step of hydrolysis (the typical microbe 
shows in the table 2-2): Extracellular Enzymatic Activities of Microorganisms (Bacillus 
Identifications) can be contributed to the starch Hydrolysis, lipid hydrolysis, casein 
Hydrolysis and gelatin Hydrolysis. Starch is broken down by the enzyme amylase, yielding a 
final end product of glucose, which is used for energy synthesis. The lipid substrate is 
tributyrin, which is degraded by the enzyme lipase. The final end products are fatty acids and 
glycerol. The substrate is casein (found in milk), which is proteolytically cleaved by either 
proteases or caseases into the final end product of peptones. This process causes this 
cleavage is called hydrolysis. The substrate is gelatin, which is degraded by gelatinase. The 
final end products are amino acids. The particular degradation of lipid, protein and other 
organics with functional bacteria were shown in Fig.2-6 to Fig.2-8: 
 
Fig. 2-6 Lipid degradation pathways under the microbial community 







(Kernodle et al., 1989)




Butyrivibrio, Clostridium, Fusobacterium, Selenomonas, and Streptococcus. The amino 
acids produced are then degraded to fatty acids such as acetate, propionate, and butyrate, and 
to ammonia as found in Clostridium, Peptococcus, Selenomonas, Campylobacter, and 
Bacteroides.  
 
Fig. 2-7 Protein degradation (Niven et al., 1942;Wallace & Brammall, 1985) 
Polysaccharides hydrolysis (Fig2-8): 
Polysaccharides such as cellulose, starch, and pectin are hydrolyzed by cellulases, amylases, 
and pectinases.  
 
Fig. 2-8 Polysaccharides degradation pathways under the microbial community 
These three enzymes act synergistically on cellulose effectively hydrolyzing its crystal 
structure, to produce glucose. The majority of microbial cellulases are composed of three 
species:  







cellulases, (Nidetzky et al., 1994)
amylases, (Aiyer, 2005)





















(b) exo-p-l,4-glucanases;  
(c) cellobiase or p-glucosidase.  
Table 2-9 Collection of major microorganisms for Hydrolysis 
Genus Species Typical habitat Reference 
Acetivibrio cellulolyticus waste (Lin, Urbance et al.1994) 
Anaerobranca gottshalkii hot spring (Prowe and Antranikian2001) 
Anaerocellum thermophilum  hot spring (Svetlichnyi,Svetlichnaya et al. 1990) 
Bacteroides sp. P-1 biomass / decomposed (Ponpium et al., 2000) 
cellulosolvens waste (Lin, Urbance et al.1994) 
cellulosesyliticus fecal (Robert, Chassard et al.2007) 
Butyrivibrio fibrisolvens rumen (Berger, Jones et al.1990) 
Caldicellulosiruptor saccharolyticus hot spring (Rainey, Donnison et al.1994) 
lactoaceticus hot spring (Mladenovska, Mathrani et al. 1995) 
kristjanssonii hot spring (Bredholt, Sonne-Hansen et al. 1999) 
Clostridium acetobutylicum  sol (Lee, Forsberg et al.1985) 
aldrichii  fermenter timber (Yang, Chynoweth et al.1990) 
celerecrescens  manure (Palop, Valles et al.1989) 
cellobioparum  rumen (Chung 1976) 
cellulofermentans  manure (He, Ding et al. 1991) 
cellulolyticum  compost (Belaich, Tardif et al.1997) 
cellulosi  manure (He, Ding et al. 1991) 
cellulovorans  fermenter timber (Tamaru, Karita et al.2000) 
chartatabidum  rumen (Kelly, Asmundson etal. 1987) 
herbivorans  intestin deporc (Varel, Tanner et al.1995) 
hungatei  sol (Monserrate, Leschine etal. 2001) 
josui  compost (Kakiuchi, Isui et al.1998) 
papyrosolvens  papeterie (Pohlschroder,Canaleparola et al.1995) 
phytofermentans  sol (Warnick, Methe et al.2002) 
stercorarium  compost (Schwarz, Adelsberger et al. 1990) 
straminisolvens  digestion anaerobic (Kato, Haruta et al.2004) 
thermocellum  hot spring (Ng, Weimer et al.1977) 
thermocopriae  hot spring (Jin, Yamasato et al.1988) 
Desulfurococcus fermentans  hot spring (Perevalova, Svetlichnyet al. 2005) 
Eubacterium  cellulosolvens rumen (Anderson and Blair 1996) 
Fibrobacter  succinogenes rumen (Fields, Mallik et al.2000) 
Moorella  sp strain F21 sol (Karita, Nakayama et al.2003) 
Paenibacillus cellulosilyticus  Phyllosphère (Rivas, Garcia-Fraile etal. 2006) 
phyllosphaerae Phyllosphère (Rivas, Mateos et al.2005) 
Ruminococcus flavefaciens rumen (Kirby, Martin et al.1997) 





Hexoses and pentoses are generally converted to C2 and C3 intermediates and to reduce 
electron carriers (e.g., NADH nicotinamide-adenine dinucleotid) via common pathways. 
Most anaerobic bacteria undergo hexose metabolism via the Emden-Meyerhof-Parnas 
pathway (EMP) which produces pyruvate as an intermediate along with NADH. The 
pyruvate and NADH thus generated are transformed into fermentation endo-products such as 
lactate, propionate, acetate, and ethanol by other enzymatic activities which vary 
tremendously with microbial species. Hydrolysis is the first reaction step in the chain of 
biological events towards methane production. Hydrolysis also is considered as the limited 
step of reaction. Table 2-9 summaries most dominate microbe in the reactor.  
At 55–60℃ a more efficient hydrolyzing culture could be isolated than at 37℃. The 
composition of the optimal thermophilic bacterial consortium was revealed by sequencing 
clones. Degradation of the polysaccharides in the biomass must be as complete as possible to 
enable an economical and energy efficient biogas production process. Reaction rate and 
degree of substrate degradation in the hydrolysis step are therefore the most important 
factors in the efficiency and yield of the entire biogas production process. This reaction step 
in plant biomass fed biogas fermenters is performed entirely by a consortium of hydrolytic 
bacteria with still largely unknown composition. They produce the monosaccharides and 
oligosaccharides, the short chain fatty acids and alcohols, and the gasses necessary for the 
microbial processes downstream in the biogas production chain, which are performed by the 
syntrophic bacteria and finally the aceticlastic and hydrogenotrophic methanogenic archaea. 
Many environmental bacteria (especially soil dwellers) produce endo-glucanases which are 
active on carboxymethyl cellulose but not on crystalline (natural) cellulose. In contrast, 
„„true‟‟ cellulose degraders such as Clostridium thermocellum are specialized and very 
efficient in the degradation of crystalline cellulose (Spencer & de Spencer, 2001). 
Following the hydrolysis, the particle COD converted into the soluble COD under the 
function of microbial community of acidogensis. Table 2-10 summaries the dominate 
microbe of acidogenesis: Clostridia are ubiquitous and common in soil, sewage, marine 




humans, vertebrates and insects, infected tissue and injury to humans and animals. 
Anaerobranca gottschalkii sp.   
 
       
Fig. 2-9 Classic hydrolysis bacteria: Clostridium and Anearobarance. 
The newly isolated strain grows optimally at pH 9.5 and 50-55 degrees C and its growth 
range is pH 6.0-10.5 and 30-65 degrees C. Unlike the already known thermoalkaliphiles, the 
strain grows heterotrophically on a variety of mono- and polysaccharides (glucose, ribose, 
mannose, fructose, sucrose, maltose, starch, pullulan, xylan and cellulose) and on 
proteinaceous substrates such as yeast extract, peptone and tryptone Aminobacterium 
Anaerobic fermenting arginine, threonine, glutamate, histidine and glycine.  Co-cultured 
with methanogenic hydrogenotrophic on glutamate, arginine and histidine, propionate is 
formed in place of acetate. Alkaliphilus metalliredigens can reduce Fe (III) -citrate, Fe (III) 
-EDTA, Co (III) -EDTA, or Cr (VI) as electron acceptors with yeast extract or lactate as 
electron donors (Ye et al., 2004). Rights to slightly curved rods (0.4-0.7 x 3-6 microns), 
singly or in pairs, mobile sporulated Gram-positive. Alkaliphilic anaerobes. Optimum 
Clostridium termitidis
Hethener et al. (1992) Syst. Appl. Microbiol. 15, 52-58. 
Clostridium thermopalmarium 
Lawson Anani Soh et al. (1991) Syst. Appl. Microbiol. 14, 135-139
Ferment sugars and peptones 
by producing a mixture of 
organic acids and alcohols
Anaerobranca gottschalkii sp.
(Prowe & Antranikian, 2001)
SEM (19,000X) grown with Fe(III)-EDTA at pH




growth at 40 ℃(20-50 ℃), pH 10 (8.5 to 12.5) and NaCl 5 g/l，using of protein substrates 
such as yeast extract, peptone, tryptone and casein, sulfur, thiosulfate and stimulate growth 
fumarate as electron acceptors.  
 
Fig. 2-10 Classic hydrolysis bacteria: Anaerolinea thermolimosa and Caldilineae 
For high-rate methanogenesis compact syntrophic communities of fatty acid-degrading 
bacteria (Table 2-10) and methanogenic archaea are essential. Acetogenic bacteria (Table 
2-11) oxidize these fatty acids anaerobically to acetate, CO2, H2 and formate (Stams & 
Plugge, 2009) some detail information are showed in table 2-5. Generally, about 70% of the 
methane is formed from acetate, while the remainder is formed from H2/CO2 and formate 
(Conrad, 1999). However, acetate can also be degraded by syntrophic communities of 
bacteria and archaea, resulting in a more prominent role of H2/CO2 and formate as 
methanogenic substrates (Hattori, 2008). In mesophilic digesters, high ammonia levels can 
cause syntrophic acetate oxidation (Westerholm et al., 2010). The ammonia tolerance of 
Phase-contrast photomicrographs of strains IMO-1T (a),
KIBI-1T (b) and YMTK-2T (c) grown under their optimal 
conditions. Bars, 10 mm (a, b) and 20 mm (c).
Transmission electron micrographs of ultrathin sections
of cells of strains IMO-1T (a), KIBI-1T (b) and YMTK-2T (c).
Bars, 1 mm. The inset in (c) (bar, 0?2 mm) shows a cross section
of filamentous cells of strain YMTK-2T.
Anaerolinea thermolimosa sp. nov., Levilinea saccharolytica gen. nov., sp. nov.
and Leptolinea tardivitalis gen. nov., sp. nov., novel filamentous
Anaerobes, and description of the new classes Anaerolineae classis nov. and 
Caldilineae classis nov. in the bacterial phylum Chloroflexi.
Transmission electron micrographs of 
ultra-thin sections of (A) strain UNI-1T 
(bar, 1 μm; bar in the inset, 0·1 μm) and 




these syntrophic acetate oxidizers gives them a competitive advantage in ammonia-stressed 
systems. These bacteria, in association with ammonia-tolerant hydrogenotrophic 
methanogens, may consequently adopt the role of dominant acetate consumers in 
environments. 
  
Table 2-10 Collection of major Microorganisms for Acidogenesis 
Genus Species  Typical habitat Reference  
Acetanaerobacterium  elongatum Sludge digenstion  (Chen & Dong, 2004) 
Aminobacterium  mobile anaerobic lagoon WWTP (Baena et al., 2000) 
 colombiensegen anaerobic lagoon WWTP (Baena et al., 1998) 
Anaerobaculum mobile anaerobic lagoon WWTP (Menes & Muxi, 2002) 
Anaerolinea  thermolimosa anaerobic sludge WWTP (Yamada et al., 2006) 
 thermophila  granules UASB (Sekiguchi et al., 2003) 
Bacteroides  xylanolyticus  manure (Scholtenkoerselman et al., 1986) 
Bifidobacterium  
thermacidophilum 
thermacidophilum  anaerobic digester (Dong et al., 2000) 
Clostridium neopropionicum  anaerobic sludge WWTP (Tholozan et al., 1992) 
 methoxybenzovorans sewage digester (Mechichi et al., 1999b) 
 peptidovorans  sewage digester (Mechichi et al., 2000) 
 thermosuccinogenes  Pulpes debetterave (Drent et al., 1991) 
 thiosulfatireducens  UASB (Hernandez-Eugenio et al., 2002) 
Selenomonas  lipolytica anaerobic lagoon WWTP (Dighe et al., 1998) 
Levilinea  saccharolytica anaerobic sludge WWTP (Yamada et al., 2006) 
Coprothermobacter platensis r  waste water (Etchebehere et al., 1998) 
Cryptanaerobacter phenolicus water mixture, and activated 
sludge 
(Juteau et al., 2005) 
Leptolinea  tardivitalis anaerobic sludge WWTP (Yamada et al., 2006) 
Sporacetiginium  mesophilum anaerobic digester (Chen et al., 2006) 
Sporobacterium  olearium anaerobic digester (Mechichi et al., 1999a) 
Thermoanaerobacterium Polysaccharolyticumzeae Landfill leachate canning (Cann et al., 2001) 
Thermotoga  lettingae bioreactor desulfate reduction (Balk et al., 2002) 
In which ammonia restrains aceticlastic methanogenic activity (Westerholm et al., 2011). 
Table 2-12 illustrates the conversion of propionate and butyrate to the methanogenic 
substrates acetate, hydrogen and formate. It is evident that bacteria can only derive energy 




hydrogen and formate) is kept low. This results in an obligate dependence of acetogenic 
bacteria on methanogenic archaea. Obligately syntrophic communities of propionate- and  
Table 2-11 Microorganisms involved in acetogenesis and homo-acetogenesis 
Genus   Species  Typical habitat Reference  
Acetivibrio cellulolyticus waste (Lin et al., 1994) 
Anaerobranca gottshalkii hot spring (Prowe & Antranikian, 2001) 
Anaerocellum thermophilum  hot spring (Svetlichnyi et al., 1990) 
Bacteroides sp. P-1 biomass / decomposed (Ponpium et al., 2000) 
cellulosolvens waste (Lin et al., 1994) 
cellulosesyliticus fecal (Robert et al., 2007) 
Butyrivibrio fibrisolvens rumen (Berger et al., 1990) 
Caldicellulosiruptor saccharolyticus hot spring (Rainey et al., 1994) 
lactoaceticus hot spring (Mladenovska et al., 1995) 
kristjanssonii hot spring (Bredholt et al., 1999) 
Clostridium acetobutylicum  sol (Lee et al., 1985) 
 aldrichii  fermenter timber (Yang et al., 1990) 
 celerecrescens  manure (Palop et al., 1989) 
 cellobioparum  rumen (Chung, 1976) 
 cellulofermentans  manure (He et al., 1991) 
 cellulolyticum  compost (Pages et al., 1997) 
 cellulosi  manure (He et al., 1991) 
 cellulovorans  fermenter timber (Tamaru et al., 2000) 
 chartatabidum  rumen (Kelly et al., 1987) 
 herbivorans  intestin deporc (Monserrate et al., 2001) 
 hungatei  sol (Monserrate et al., 2001) 
 josui  compost (Kakiuchi et al., 1998) 
 papyrosolvens  papeterie (Pohlschroder et al., 1995) 
 phytofermentans  sol (Warnick et al., 2002) 
 stercorarium  compost (Jauris et al., 1990) 
 straminisolvens  digestion anaerobic (Kato et al., 2004) 
 thermocellum  hot spring (Weimer & Zeikus, 1977) 
 thermocopriae  hot spring (Jin et al., 1988) 
Desulfurococcus fermentans  hot spring (Perevalova et al., 2005) 
Eubacterium  cellulosolvens rumen (Anderson & Blair, 1996) 
Fibrobacter  succinogenes rumen (Fields et al., 2000) 
Moorella  sp strain F21 sol (Karita et al., 2003) 
Paenibacillus cellulosilyticus  Phyllosphère (Rivas et al., 2006) 
phyllosphaerae Phyllosphère (Rivas et al., 2005) 
Ruminococcus flavefaciens rumen (Kirby et al., 1997) 




butyrate-degrading acetogenic bacteria and methanogen in archaea have several unique 
features: they degrade fatty acids coupled to growth, while neither the bacterium nor the 
methanogen alone is able to degrade these compounds; inter microbial distances influence 
biodegradation rates and specific growth rates, which in methanogenic bioreactors results in 
the formation of aggregates of bacteria and archaea (granular sludge); the syntrophic 
communities grow in conditions that are close to thermo dynamical equilibrium, and the 
communities have evolved biochemical mechanisms that allow sharing of chemical energy 
(Stams & Plugge, 2009). 
Propionate and butyrate are key intermediates in the mineralization of complex organic 
matter. The complete oxidation of propionate and butyrate can account for 20-43% of the 
total methane formation, depending on the type of digester and the nature of the organic 
compounds (Mackie & Bryant, 1981). Propionate and butyrate degradation metabolism were 
summaries in the Fig. 2-11,(modified (Stams & Plugge, 2009)). 
 
Fig. 2-11 The metabolism of the propionate degradation to acetate (a) and butyrate 
degradation to acetate (b) 
The biochemical pathways of syntrophic propionate and butyrate oxidation were 
illustrated in the Fig.2-11 with the function of synthesis bacteria. (a|Propionate oxidation 






). In these calculations the standard solute concentration of 1 M is used. 
Reducing equivalents formed in the oxidation reactions are indicated as [H]. 
High-rate methanogenesis of the complete conversion of organic pollutants to methane 
and carbon dioxide, syntrophic methanogenic communities of bacteria and archaea play an 
indispensable role. In high-rate methanogenic bioreactors propionate-degrading and 
butyrate-degrading acetogenic bacteria form microcolonies with methanogens. The short 
distances between the bacteria and methanogens are favorable for transfer of metabolites 
from bacteria to archaea and result in high conversion rates.  
To further improve the rate of methane formation with mixtures of fatty acids as 
substrates the underlying mechanisms of interspecies electron transfer in syntrophic 
communities need to be better understood. In addition, insight is needed into how by process 
engineering the compact structure of syntrophic communities in granules can be obtained 
and maintained. Based on the improved understanding of electron transfer in anaerobic 
environments it can readily be envisioned that the anaerobic digestion process can still be 
improved significantly. 
2.4.2 Archaeal community and metabolic mechanism in methane fermentation 
Methane fermentation is a synthesis bio reaction. The efficient and stable operation of 
methanogenic bioreactors relies on syntrophic relationships among a community of microbes, 
including fermenting bacteria, specialized acidogenic and acetogenic syntrophs, and 
methanogenic archaea (Lauber et al., 2009), with diverse and parallel pathways for substrate 
metabolism.  
Methanogenic archaea are strictly anaerobic organisms that derive their metabolic energy 
from the conversion of a restricted number of substrates to methane. H2 + CO2 and formate 
are converted to CH4 via the CO2-reducing pathway, while methanol and methylamines are 
metabolized by the methylotrophic pathway. A limited number but dominate way of 
methanogenic organisms utilize acetate by the aceticlastic pathway. Redox reactions 
involved in these processes are partly catalyzed by membrane-bound enzyme systems that 
generate or, in the case of endergonic reactions, use electrochemical ion gradients. 




Table 2-12 Some of the reactions involved in Acetogenic reactions and methanogenic 








-+ H+ +2 H2 Syntrophic acetigenic bacteria + 9.6  
Lactate- + 2 H2O → 
Acetate- + HCO3
- + H+ + 2 H2 
Syntrophic acetigenic bacteria - 4.2  
Acetate- + 4 H2O →2 HCO3
- + H+ + 4H2 Syntrophic acetigenic bacteria +104.6  
Propionate- + 3 H2O → 
Acetate-  + HCO3
- + H+ + 3 H2 
Syntrophic acetigenic bacteria + 76.1 -1.5 
Propionate- + 2 HCO3
- → 
Acetate- + H+ + 3 HCO3
- 
Syntrophic acetigenic bacteria + 72.4  
Butyrate- + 2 H2O →2 Acetate
- + H++ 2 H2 Syntrophic acetigenic bacteria + 48.1 -31.2 
Benzoate- + 7 H2O → 
3 Acetate- + HCO3
- + 3 H+ + 3 H2 
Syntrophic acetigenic bacteria + 58.9  
Glycolate- + 3 H2O →2 HCO3
-+ H++ 3H2 Syntrophic acetigenic bacteria + 19.3  
Hydrogenotrophic Methanogenesis 
4H2 + HCO3




CH3COOH →CH4 + CO2   
Acetate oxidation  
Co-culture syntrophic bactiria  
-36.0    
CH3COO
- +4H2O→4H2+ 2HCO3
-+H+ +104.6  
4H2+ HCO3
-+H+→CH4+3H2O -135.6  
Acetotrophic  Methanogenesis 
CH3COOH




Methylotrophic  Methanogenesis 
4 CH3OH→3 CH4 + CO2 + 2 H2O 
Methanosarcina and Other 
methylotrophic methanogens 
−105  
CH3OH + H2 →CH4 + H2O 
Methanomicrococcus blatticola  
and Methanosphaera 
−113  
2(CH3)2-S + 2 H2O→ 
3 CH4 + CO2 + 2 H2S 
Some methylotrophic methanogens −49 
 
4CH3-NH2 + 2 H2O→ 
3 CH4 + CO2 + 4 NH3 
Some methylotrophic methanogens −75 
 
2(CH3)2-NH + 2 H2O→ 
3 CH4 + CO2 + 2 NH3 
Some methylotrophic methanogens −73 
 
4(CH3)3-N + 6 H2O→ 
9 CH4 + 3 CO2 + 4 NH3 




4CH3NH3Cl + 2 H2O→3 CH4 + CO2 + 4 NH4Cl  
(Welander & Metcalf, 2005) 
Some methylotrophic methanogens −74 
 
Referred and recalculated based on (Bok, 2002) (Thauer et al., 1977) (Zhao et al., 1990). 
b Calculated on the basis of the following conditions observed in methanogenic ecosystems: 10 Pa of H2, 50 kPa of CH4, 50 mM 




that approximately 1 billion tons of methane per year is formed globally by methanogenic 
archaea in anoxic environments, such as freshwater sediments, swamps, paddy fields, 
landfills and the intestinal tracts of ruminants and termites. This means that approximately 2% 
of the net CO2 that is fixed annually into biomass by photosynthesis (70 Giga tons of carbon 
per year) ends up primarily as methane (Thauer et al., 2008).  
 
Fig. 2-12 Methanogens in the two groups of metabolism with and without cytochromes 
Methane is a major end product of anaerobic biomass degradation only in anoxic 
environments where the concentrations of sulphate, nitrate, Mn (IV) or Fe (III) are low. In 
the presence of these electron acceptors, methanogenesis is out-competed by anaerobic 
respiration, mainly for thermodynamic reasons. Thus, in the upper layer of marine sediments, 
where the sulfate concentration is usually high (near to 30 mm), methanogenesis is restricted 
to substrates such as methylamines (glycine–betain fermentation products) that generally 
cannot be metabolized by sulfate-reducing bacteria. 
Here summarizes the recent knowledge of methanogenic Archaea with emphasis on their 
taxonomy and ecology. The main genus of the order is shown in the table 2-13. In the order 
of Methanobacteriales (Garcia et al., 2000), Methanobacteriaceae contains four 
morphologically distinct genera. 13 species of the genus Methanobacterum are rod of 
filamentous cells.  Some species are thermophilic and a few are alcaliphilic and found in 
various freshwater habitats. Methanobacterium subterraneum, an isolated of a deep granitic 
groundwater is alkaliphilic, eurythermic and halotolerant methanogen. Only 6 species 




formate. Three species (M.bryantii, M.formicicum and M.palustre) can grow on 
2-propanol/CO2. All species are able to grow on H2+CO2. Provided the G+C values were 
correctly determined the broad rang 29-62 mol/% indicates that the genus Methanobacterium 
is still heterogenous and composed of more than one genus. The type species is 
M.formicicum.  The genus Methanothermobacter was proposed for the inclusion of 
thermophilic methanogens such as M thermoautotrophicum and M.wolfei. M. 
tehrmoalcaliphilum and M. thermoformicicum are considered as synonymous of M. 
thermoautotrophicum. The proposal has now been accepted and a new genus 
Methanothermobacter created to included three species namely Methanothermobacter 
thermoautotrophilicus comb.nov., Methanothermobacter wolfeii comb.nov and 
Methanothermobacter marburgensis sp.nov.  
Table 2-13 Microorganisms involved in methanogenesis Taxon (order and type) with 
metabolism 












Anaerobic digesters, rumen, paddy 
soil,decaying woody tissues, 


















Anaerobic digesters, soil, marine 
sediments,hot spr ings, decaying 
woody t issues,anaerobic activated 
sludge, etc. 













Hypersaline marine sediments, 
anaerobicdigesters, animal 
gastrointestinal tracts, etc. 




The seven members of genus Methanobrevibacter are neutrophilic mesophilic short rods , 
often forming pairs or chains and the G+C content varies from between 28 to 32 mol/%. 
Each species inhabits a specialized habitat. Methanothermaceae consists of the single genus 
Methanothermus and its two species. Both the species are extreme thermophile and have 
been isolated from a specific habitat. 
 
Fig. 2-13 Phylogenetic tree of the methanogens separating in orders (Garcia et al., 2000) 
 
Fig. 2-14 FISH detection for Methanosaeta concilii (red) and Escherichia coli (green) 
The order of Methanococcales contents two families and four genera of hydrogenotrophic 
methanogens (Family1 Methanococcaceae and family 2 Methanocaldococcaceae). The five 
(DAPI+Alexa488+Cy3+Phase)MD-Experiment-0052  ok_Phase
2013.4.16
Bacteria Alexa488+ Methanosaeta concilii  Cy3
Methanosaeta concilii Methanosaeta conciliiMethanosaeta concilii
Growth can occur as long filaments which 
represent chains of individual cells separated 
by spacer plugs and continuously enclosed by 




orders of methanogens and the major metabolic substrate with the typical habitat were 
separated into two big groups. 
 
Fig. 2-15 Ks comparison of the Methanosaeta and Methanosarcina under different 
acetate concentration 
Table 2-14 Selected differences between methanogenic archaea (Thauer et al., 2008) 
Methanogens with cytochromes Methanogens without cytochromes 
Contain methanophenazine  
(a functional menaquinone analogue). 
Do not contain methanophenazine. 
Growth on H2 and CO2 is restricted to some  
Methanosarcina species; most can grow on 
acetate, methanol and methylamines and cannot grow on formate. 
Can grow on H2 and CO2, except for Methanosphaera 
stadtmanae; cannot grow on 
acetate or methylamines and many can grow on formate 36. 
Threshold H2 partial pressure is generally >10 Pa. Threshold H2 partial pressure is generally <10 Pa. 
Growth yields on H2 and CO2 of up to 7 g  
per mole of methane. 
Growth yields on H2 and CO2 of up to 3 g per mole of methane. 
Doubling times are generally >10 hours. Doubling times can be as low as 1 hour. 
No hyperthermophilic species. Many hyperthermophilic species. 
 
In the order of Methanosarcinales two kinds of nutritional types Aceticlastic methanogens 
and hydrogenotrophic methanogenesis. Methanosarcina and Methanosaeta (Fig.2-14) are 










































with cytochromes and 15 methanogens without cytochromes (including 4 Methanococcus 
maripaludis strains) and the incomplete genome sequences of another 34 methanogens are 
available in the Genomes On Line Database (see Further information). Methanogens with 
cytochromes all belong to the order of Methanosarcinales (which includes the 
Methanosarcina, Methanosaeta and Methanolobus genera). Methanogens without 
cytochromes include the Methanobacteriales, Methanococcales, Methanomicrobiales and 
Methanopyrales orders.  The different as showed in the Table 2-14. 
With the difference of the two kinds of aceticlastic methanogens, the Ks and the growth 
rate were used for analysis. Fig.2-15 illustrates the Ks comparison of the Methanosaeta and 
Methanosarcina with the different acetic acid concentration. Methanosaeta grows faster than 
Methanosarcina while the acetic acid is lower than 200 mg COD/L with lower Ks of 45 
mg/L than that of 350 mg/L for Methanosarcia. Evaluating on the Growth yields and ATP 
gains, Methanogens with cytochromes can grow on H2 and CO2, such as M. barkeri, have a 
much higher growth yield on H2 and CO2 than methanogens without cytochromes.  
 






(Meuer et al., 2002)
http://www.wadsworth.org/resnres/bios/macario/sli
de-08_M_concilii_I_10_05.jpg


















Mixture of Methanosarcina (cocci) 
Methanosaeta (rods) species. 
http://homepages.uwp.edu/barber/res
earch.html
With more ATP producting and saving 
for catabolism. With higher net growth 





Methanogenesis is one of the most prominent biological processes on the earth. It 
represents the terminal step in the anaerobic breakdown of organic matter under 
sulfate-limiting conditions and has received much attention for several reasons: (1) the 
microorganisms carrying out the conversion of a small number of substrates to methane and 
other products represent the most prominent group of archaea; (2) the metabolic pathways of 
methane formation are unique and involve a number of enzymes and coenzymes which 




 gradients are formed by 
interesting and unique membrane-bound enzymes, and the reactions by which these 
ion-motive forces are generated are also novel. 
Aceticlastic methanogens (Karakashev et al., 2006): The oxidation of acetate to hydrogen, 
and the subsequent conversion of hydrogen and carbon dioxide to Methane, has been 
regarded largely as a niche mechanism occurring at high temperatures or under inhibitory 
conditions. Aceticlastic conversion was observed only in the presence of Methanosaetaceae. 
Acetate is the main precursor for methane production during anaerobic digestion of organic 
matter. 1.  Two mechanisms for methane formation from acetate have been described (see 
Fig.2-16).  
1). The first one is aceticlastic, being carried out by Methanosarcinaceae or 
Methanosaetaceae. Methanosarcinaceae generally have a higher acetate threshold but a 
higher growth rate and yield than Methanosaetaceae (Ferry, 1993). 
2). The second mechanism encompasses a two-step reaction in which acetate is first 
oxidized to H2 and CO2 and, with these products, subsequently converted to methane 
(Zinder & Koch, 1984).  
This reaction is performed by acetate-oxidizing bacteria (often Clostridium spp.) in a 
syntrophic association with hydrogenotrophic methanogens (Methanomicrobiales or 
Methanobacteriales) (Schnurer et al., 1997;Petersen & Ahring, 1991). The diversity of 
environments in which syntrophic acetate oxidation has been found indicates it may also be 
important for commercial gas production in biogas reactors, digesting wastewater sludge and 
manure. Aceticlastic activity has generally been considered to be the dominant pathway, 




as acetate oxidation, dominates, it is necessary to re-evaluate reactor operation and 
optimization, which are currently based on maintaining Methanosaetaceae populations. 
Table 2-15 Reaction involved in CO2 or methanol reduction with H2 to methane 
Reaction number Equation △Go′ (kJ per mole) 
1 4 H2 + CO2 → CH4 + 2 H2O -131 
2 CO2 + MFR + Fdred
2- +2H+ ⇋ CHO-MFR + Fdox + H2O 0 
3 CHO-MFR + H4MPT ⇋ CHO‑H4MPT + MFR -5 
4 CHO‑H4MPT + H
+ ⇋ CH≡H4MPT
+ + H2O -5 
5 CH≡H4MPT
+ + F420H2 ⇋ CH2=H4MPT + F420 + H
+ +6 
6 CH2=H4MPT + F420H2 ⇋ CH3‑H4MPT + F420 -6 
7 
CH3‑H4MPT + HS‑CoM ⇋ CH3‑S-CoM + H4MPT –30 (coupled with 2 Na
+ 
translocations) 
8 CH3‑S-CoM + HS‑CoB ⇋ CH4 + CoM‑S‑S-CoB -30 
9 
H2 + Fdox  ⇋ Fdred
2-+2H+2– + 2 H+ 
+16 (coupled to 2 H+, or 
possibly 2 Na+ translocations) 
10 H2 + F420 ⇋ F420H2 (x2) -11 
11 H2 + MP ⇋ MPH2 –50 (coupled with 2 H
+ 
translocations) 




ADP + Pi ⇋ ATP + H2O –32 (coupled to 4 H
+, or 
possibly 4 Na+, translocations) 
14 2H+ (outside)+1Na+ (inside) ⇋ 2H+(inside)+1Na+(out) (outside) 0 
15 2H2 + CoM‑S‑S-CoB + Fdox ⇋ HS‑CoM + HS‑CoB + Fdred
2– + 2H+ -39 
16 CH3OH + HS‑CoM ⇋ CH3‑S-CoM + H2O -17.5 
 
Methanogenesis in a Thermophilic (55°C) Anaerobic reactor: Carbon and hydrogen is 
fractionation by moderately thermophilic methanogens (Valentine et al., 2004). 
Methanothrix sp. as an important aceticlastic Methanogen (Zinder et al., 1984). They 
catabolically rely on a restricted number of simple compounds, e.g., on CO2 as an oxidant 
with H2 as an electron donor or on acetate, methanol, or formate while most species of the 
Methanobacteriaceae and Methanomicrobiaceae prefer H2 and CO2 (or formate) as 
substrates for methanogenesis, Methanosaeta, a genus within the Methanosarcinaceae is 
known to generate energy only from acetate fermentation. Most of the other 
Methanosarcinaceae preferentially use methanol and related methyl-substrates for the 





Fig. 2-17 Metabolism way of aceticlastic methanogens- Methanosarcina barkeri 
In this table, reactions 1-6, 8, 10, 15 and 16 are catalysed by cytoplasmic proteins and 
reactions7, 9 and 11-14 are catalysed by membrane-associated enzyme complexes. In 
methanogens with cytochromes, CoM‑S‑S-CoB reduction with H2 generally proceeds 
through reactions 11 and 12, whereas in methanogens without cytochromes, CoM‑S‑S-CoB 
reduction with H2 involves reaction 15. The standard free energy change (ΔGo′) was 
calculated from equilibrium constants or from the standard free energies of formation at 25℃ 
with H2, CO2 and CH4 in the gaseous state at 105 Pa, H2O in the liquid state, pH at 7.0 and 
all other compounds at 1 molar activity. 
Energy conservation involving cytochromes: The reduction of CO2 with H2 to methane 
and energy conservation in methanogens with cytochromes is considered to involve 13 
reactions (reactions 2-14, see table 2-15) in which methanofuran (MFR; a2-Aminomethy- 
lfuranderivative), tetrahydrosarcinapterin (H4MPT; a tetrahydrofolateanalogue) and 
Methanosarcina barkeri str. fusaro. Photo: Dr. 
Steffen Battenberg. Obtained from NCBI.
(Rocheleau et al., 1999)
Methanosarcina barkeri str.
With cytochromes 
With more ATP producting and saving for catabolism,





coenzyme M (HS-CoM; alsoknown as 2‑thioethanesulphonate) are C1-unit carriers 3,4 and 
ferredoxin (Fd), coenzyme F420 (a5- dezaflavinederivative; E0′ equals –360 mV), coenzyme 
B ( HS-CoB;also known as 7‑thioheptanoyl ‑o-phospho‑l-threonine; E0′ equals –140 mV) 
and methanophenazine (MP; E0′equals –165 mV) 34 are electron carriers 3-5 (Fig. 2-18，
2-19). Reactions 2-6, 8 and 10 (Table 2-15) are catalysed by cytoplasmic enzymes and 
reactions 7, 9 and 11-14 (Table 2-15) are catalyzed by membrane–protein complexes. 
Methanosarcina barkeri can grow on CO2 and H2 which can also grow on the acetate 
making the functional versatile inhabiting in various environments. 
 
Fig. 2-18 Methanosarcina barkeri growing on CO2 and H2 involved in energy 
conservation. 
A test case: M. stadtmanae. The metabolic scheme in Fig. 2-20 indicates that during CO2 
reduction to methane, methanogens without cytochromes conserve energy only in reaction 7 
(Table 2-15), which is catalysed by the membrane-associatedmethy l-H4MPT–coenzyme M 
Methanosarcina barkeri str. fusaro. Photo: Dr. 
Steffen Battenberg. Obtained from NCBI.




sites that are 










methyltransferase complex (MtrA-H). The sodium ion motive force that is generated in this 
reaction is subsequently used to drive reverse electron transport (reaction 9, Table 2-15), 




 antiport (reaction 14, Table 2-15). If 
this scheme is correct, then how is energy conserved in M. stadtmanae, a methanogen 
without cytochromes that can only reduce methanol and not CO2 with H2 to methane.  
 
 
Fig. 2-19 Methanogens without cytochromes growing on CO2 and H2 in energy 
conservation 
Most of the known syntrophic propionate-oxidizing bacteria belong to the 
Syntrophobacter genus. Unlike syntrophic butyrate and ethanol oxidation bacteria, 
Syntrophobacter species can only oxidize propionate in coculture with methanogens that can 
utilize both H2
 
and formate, such as Methanospirillum hungatei and Methanobacterium 
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Fig. 2-20 Metobolism of methylotrophic methanogens without cytochromes 
 

















Therefore, besides H2 transfer also formate transfer was considered as a possible 
mechanism. Biochemical evidence for interspecies formate transfer was obtained for a 
co-culture of S. fumaroxidans and M. hungatei. Methanol is a main pollutant in the 
evaporator condensate of pulp and paper industries and in some other chemical and food 
industries, e.g. coal-gasification plants, in landfill leachates and in wastewater of 
potato-starch factories. When a cheap and efficient organic electron donor is required, 
methanol is often selected as a substrate, for example, in sulfate reduction, denitrification 
and dehalogenation processes (Fig. 2-21).  
Most thermophilic methanogenic archaea can only utilize H2/CO2
 
and (or) formate as 
substrate, such as species in genera Methanothermobacter and a few species of the genus 
Methanobacterium, Methanocaldococcus and Methanosarcina. A few methanogens can 
utilize acetate for methane formation, like Methanosaeta thermophila and Methanosarcina 
thermophila. Methanogens capable of methanol utilization almost exclusively belong to the 
family Methanosarcinaceae. Besides the two thermophilic halophilic obligate methylotrophs, 
Methanohalobium evestigatum and Methanosalsum zhilinae, Methanosarcina thermophila is 
the only thermophilic freshwater species that can utilize H2/CO2, acetate and methanol. 
2.4.3 Ammonia toxicity in pure cultures of methanogenic bacteria 
The toxicity of ammonia to the growth of several methanogenic bacteria was evaluated in 
terms of an ammonia/potassium exchange reaction and in terms of inhibition of 
methanogenesis. Growth of Methanobrevibacter smithii, Methanobrevibacter arboriphilus 
and Methanobacterium strain G2R was normal in media containing up to 400 mM NH4Cl, 
and neither the exchange reaction nor inhibition of methane synthesis occurred. Exchange 
and inhibition of CH4 synthesis of ammonia was found in short term studies with cell 
suspensions of Methanospirillum hungatei, Methanosarcina barkeri and Methanothrix 
concilii (Sprott & Patel, 1986). Certain cations countered the toxic effects which ammonia 
had on methane synthesis, notably Ca
2+
 in M. concilii and Na
+
 in M. barkeri. During growth 
in media containing increasing amounts of NH4Cl, the cytoplasmic K
+ 
concentration 
declined dramatically only in M. hungatei, but this was not the mechanism of toxicity. 




of certain strains to ammonia. Methanobacterium bryantii displayed an appreciable decline 
in cytoplasmic K
+ 
content and grew slowly in media containing 300 mM NH4Cl. Ammonia 
toxicity to the growth of all methanogenic bacteria tested can be correlated to alterations in 
their K
+
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The thermophilic methane fermentation of chicken manure (CM) with a TS content of 
approximately 10 % was investigated with regard to ammonia inhibition. A gradual increase 
in TAN to 6000 mg/L was observed in the case of raw CM fermentation. A distinct rise in 
VFA accumulation combined with a low methane production of 0.29 L/gVS occurred at a 
TAN concentration of  4000～5000 mg/L. Biogas production completely ceased when TAN 
reached to 8000 mg/L after the addition of NH4HCO3. The high sensitivity of 
methanogenesis to ammonia (TAN, FA) was quantitatively confirmed. The IC50 of TAN for 
methanogenesis, acidogenesis and hydrolysis were 5058, 5305 and 5707 mg/L with a pH 
value of  8.1±0.2. Similar results but with a low IC50 were simulated for FA inhibition 
during fermentation. The microbial community analysis revealed significant differences in 





Chicken manure (CM) is a typical agricultural waste with a high fraction of 
biodegradable organic matter. In 2008, about 13 million tons of CM was produced in 
Japan (MAFF, 2008). This huge amount of CM is mainly treated by incineration and 
composting. However, due to secondary pollutant emissions, both of these methods are 
controversial (Gallert & Winter, 1997). Methane fermentation, a widely used technology 
to stabilize organic waste and simultaneously generate energy in the form of biogas (Shih, 
2012), has been proposed as a method for treating CM. Thermophilic fermentation in 
particular has been attracting more and more attention due to the high rate of biogas 
production, the short hydraulic retention time (HRT) and improved pathogen destruction. 
Thermophilic fermentation has been applied to many cases, such as sludge, municipal 
solid waste, cattle manure treatment, poultry manure treatment and corn grain ethanol 
industry waste treatment (Agler et al., 2008; Chen et al., 2008; Sutaryo et al., 2012).  
Compared with the mesophilic process, however, the thermophilic process is more 
sensitive to changes in pH, VFA, ammonia and toxic substrates. Nitrogen overloading 
has been shown to have a significant negative influence on methanogenic activity, and 
can render a reactor unstable. Total ammonia nitrogen (TAN) concentration of 3000-4000 
mg/L is regarded to be at the edge of inhibition. Even at  a low TAN of 1700 mg/L, 
inhibition occurrence has been reported (Zeeman et al., 1985). Hashimoto reported that 
both thermophilic and mesophilic processes are inhibited at a TAN of 2500 mg/L 
(Hashimoto, 1986). Thermophilic fermentation has been reported to be unsuccessful for 
the relatively low nitrogen content in pig waste (Wheatley, 1990). The digestion of swine 
manure as the sole substrate has been shown in earlier reports to be unsuccessful, mainly 
due to the high content of ammonia in the waste (Hashimoto, 1986). It has been shown 
that FA is a crucial fraction of TAN for inhibition (Tezel et al., 2006).  
Individual volatile fatty acids (VFAs) can be used as process stability indicators in 
methane fermentation. Among them, butyrate and isobutyrate acid have been shown to 
provide especially sensitive results (Ahring et al., 1995). Acetic and propionic acid were 
the most abundant VFAs in manure digestion. VFA accumulated as Ammonia inhibition 
occurred, in effect indicating the extent of the inhibition. It should be noted that CM is a 




manure, food waste, pig manure and waste active sludge (Qiao et al., 2011). Hydrolysis 
in thermophilic is faster than mesophilic (Kim et al., 2006) which in itself makes CM 
thermophilic fermentation a high risk process. Nitrogen inhibition is the result of chronic 
accumulation during the operation of the reactor. The high concentration of ammonium 
and VFAs tend to occur simultaneously, resulting in a stable pH. It was decided that the 
only way to get convincing results on the chronic inhibition effect is to operate the 
reactor in the long term.  
Moreover, neither the whole performance nor the mechanism of ammonium inhibition 
of thermophilic CM fermentation has yet to be revealed in detail. Alternative methods of 
reducing the nitrogen loading are by diluting CM to a low TS of 0.5-3% (Rao et al., 2008) 
or mixing the CM with other livestock manure or sludge (Gungor-Demirci & Demirer, 
2004). These methods tend to increase the amount of final discharged waste water and 
result in a more complex process system. The effectiveness of high solid and sole CM 
fermentation needs further investigation.  
In the present research, a 240 day thermophilic fermentation process using a 
continuous stirred tank reactor (CSTR) fed with high solid CM was performed to 
investigate the following: (1) the methane yields obtained from raw and ammonia 
stripping CM, (2) the inhibition predisposing factor of high solid and high nitrogen CM 
fermentation, (3) the effect of nitrogen inhibition on methanogenesis, acidogenesis and 
hydrolysis; (4) the microorganism community evolution before and after inhibition. 
3.2 Material and Methods 
3.2.1 CM properties 
Original CM with TS of 44.3% was kept in the refrigerator at 4℃. Raw CM was 
diluted to 10±2% TS content with tap water. The diluted CM was shredded into slurry 
and was provided for the CSTR reactor. The shredded CM was stored in a substrate tank 
with 4℃ cooling water circulation to avoid microbial activity. The raw CM was 
perpetrated to reduce nitrogen through ammonia fermentation and ammonia stripping. 
The ammonia stripped CM, hereafter referred to as pretreated CM, and had a lower 
nitrogen substrate than the Raw CM. Both the pretreated CM and raw CM were used in 
the experiments respectively. The Total Solid (TS), Total Volatile Solid (TVS), Total 
COD (TCOD), NH4
+




of the substrate stability. The characteristics of the CM are given in Table.3-1. 
Table 3-1 Characteristics of raw CM and ammonia stripping CM 
 
Constituent Unit Average(n=6  SD(±) 
Raw CM 
Element analysis 
TS (%) 11.2 0.53 
VS (%) 8.27 0.83 
SS (%) 10.1 0.11 
VSS (%) 7.55 0.67 
T-COD (mg/l) 102600 3200 
TN (mg/l) 6450 810 
TAN (mg/l) 3850 200 
C % 35.2 0.45 
H % 4.83 0.05 
N % 5.44 0.24 
O % 30.12 0.18 
S % 0.84 0.10 
Ammonia stripping 
CM 
TS (%) 8.93 0.144 
VS (%) 6.13 0.197 
SS (%) 0.79 0.049 
VSS (%) 5.59 0.046 
T-COD (mg/l) 94400 8230 
TN (mg/l) 3590 570 
TAN (mg/l) 2500 100 
T-COD: total COD，TN：total nitrogen, TAN ：total ammonia nitrogen，C:C element in dry CM, 
3.2.2 CSTR operation procedure 
   A schematic diagram of the experimental device is provided in Fig. 3-1. A lab-scale 
continuous stirred tank reactor (CSTR) with a working volume of 12 liters (total 15L) 
was operated under thermophilic (55±1℃) condition. The reactor was warmed by water 
circulation and agitated with a motor. A wet gas meter was used to measure the daily 
biogas amount. The substrate tank was stirred with 200-300 RPM to keep the CM at a 
uniform semisolid state. The TS content of the feedstock was adjusted to about 10% by 
adding tap water. The HRT was set at 30 days.  The daily feedstock amount was 0.4L 
with OLR 0.21kg/gd. The peristaltic influent pump with a timer was used to control the 
feeding at 12 times per day to reduce feeding shock.  Each feed was lower than 1% of 
the reactor working volume. Seed sludge with TS of 3.1% was sampled from 





Fig. 3-1 Schematic diagram of continuous experiment 
3.2.3 Analytical methods 
The analyses of pH, alkalinity, COD, NH
+
4-N, TS and TVS were performed according 
to Japan standard methods (JSWA, 1997). The VFA concentration was determined by gas 
chromatography (Agilent- 6890) equipped with a DB-WAXetr capillary column (30 m 
0.53 mm 1 lm) and an FID detector.  The carrier gas was Helium, with a pressure of 
30.4 kPa, injected at a rate of 399 ml/min.  The temperature of the injection port and 
detector were 250℃ and 250 ℃, respectively. The oven temperature was set at 125–180℃
at a speed of 15℃ min-1.  
3.2.4 Definition of conversion ratio 
The conversion ratio of hydrolysis, acidogenesis and methanogenesis were calculated 
based on a COD balance in the whole anaerobic process as shown in equation (1), (2) 
and (3). TCODin was the total influent COD.  SCOD was the centrifuged effluent 
supernatant COD and SCODin was the influent SCOD. CODCH4 was calculated based on 
the principle of 0.35m
3
-CH4/kg-COD under standard conditions. CODVFA was the total 
VFA concentration of C2-C5 and expressed as HAC. CODVFAin was the influent CODVFA. 
The analyses of pH, alkalinity, COD, NH
+
4-N, TS and TVS were performed according 
to Japan standard methods (JSWA, 1997). The VFA concentration was determined by gas 
chromatography (Agilent- 6890) equipped with a DB-WAXetr capillary column (30 m 




conditions (0℃ ; 1.013 bar). The biogas composition was measured by a gas 
chromatograph (SHIMADZU GC-8A) equipped with a thermal conductivity detector 
(TCD). An elemental analyzer (Nario EL III CHNS) analyzed the elemental composition 





FA is pH and TAN dependent and can be calculated according to the following 
equilibrium equation (Østergard, 1985):   
 
  (3.4) 
 
  (3.5) 
Similarly to ammonia, VFA also exist in solution as unionized. The unionized volatile 




The effects of TAN and FA on hydrolysis, acidogenesis and methanogenesis were 





A1  initial value (left horizontal asymptote)  
A2  final value (right horizontal asymptote)  
x0  center (point of inflection)  
Hydrolysis  % = 
(SCOD - SCODin + CODCH4)
TCODin-SCODin
                   (1) 




               (2) 
Methanogenesis  % =    
CODCH4
TCODin
                                           (3) 
NH3 + H2O ↔ NH4










dx  width (the change in X corresponding to the most significant change in Y values) 
ICi  the concentration of i% inhibition thermophilic reactor performance. 
The microbial community was analyzed by 16S rDNA gene cloning and se quencing. 
Genomic DNA was extracted from samples with an Ultra Clean Soil DNA Isolation Kit 
(MO-BIO). The amplification of 16S rDNA was performed with the primers EUB 8F and 
Univ1500Rfor bacteria and A109F and 1059R for archaea. Thermal cycling of PCR 
consisted of 30s denaturing at 94℃, 40s of annealing at 50℃, and extracting at 72℃ for 
1min with 30 cycles for Archaea and 23 cycles for bacteria. The PCR products were 
firstly purified by Micro Spin™ S-400 HR (Amersham Pharmacia GE, USA). The 
purified DNA was cloned with the TOPO TA Cloning® Kit (Invitrogen, USA) and 
transformed into Escherichia coli DH5a competent cells. Cloned DNA fragments were 
obtained and spread on plates. After an incubation period of 24hr at 37°C, the white ones 
were randomly picked out and transferred to LB with another 6 hours of continuous 
incubation. An insert check was performed using vector of M13 primer. The successful 
ones were used for sequencing. Similar searches for the assembled sequences were 
performed using the NCBI Blast search program within the GenBank database 
(http://www.ncbi.nlm.nih.gov/blast/). 
The analysis of the 16S rDNA gene-based terminal-restriction fragment length 
polymorphism (T-RFLP) was performed according to (Kobayashi et al., 2009). The 
primer of cy5 -labeled ARC1059R and ARC109F were used for PCR (same conditions 
with cloning PCR). The purified PCR products were digested with restriction nucleases 
TaqI. After ethanol precipitation, the digested PCR products were electrophoresed using a 
CEQ8000 sequencer (BECKMAN) at 60 °C for 65 min with a CEQ size standard 600 
(BECKMAN). T-RF peaks were detected by Microbial community analysis Ⅲ and 
confirmed based on the seducing date of 16S rDNA cloning. 
3.2.5 Diversity indices and rarefaction analysis 
All the sequences were grouped into operational taxonomic units (OTUs). Based on 
grouping of unique OTUs calculated by MOTHUR (Schloss et al., 2009), the frequency 
data for each distance level was used to construct rarefaction curves and the diversity 
indices like Coverage (C=1-ni/N, N total clones, ni the number of clones with only 




Simpson‟s dominance index (D=∑[ni(ni-1)/N(N-1)]). Here, N is the total number of 
OTUs in ith 16S rDNA gene sequence phylogroup, Pi is the proportion of OTUs in ith 
16S rDNA gene sequence phylogroup, ni is the number of OTUs in the ith 16S rDNA 
gene sequence phylogroup. The regression lines of richness index of chao, simpsoneven 
and shannoneven were also calculated to assaying the cloning library and microbial 
diversity. 
3.3 Results  
3.3.1 Performance of methane fermentation during a long term operation 
The whole experiment was divided into 3 phases. In phase 1, pretreated CM was used 
to investigate low nitrogen CM fermentation performance. In phase 2, raw CM was used 
and long term tested to analyze nitrogen accumulation and its inhibition effects. Phase 2 
was subdivided into three stages phase 2a, phase 2b and phase 2c based on the average 
performance. In phase 3, NH4HCO3 was added together to the raw CM to increase the 
TAN to an extreme high concentration. All of the experimental data were used to 
establish an inhibition model, calculate the inhibition threshold and describe the 
inhibition mechanism. The pH, alkalinity, biogas production rate, VFA and ammonia 
concentration are shown in Fig. 3-2. 
In phase 1, the biogas production rate, the methane content, pH and total VFA 
concentration were stable after 32 days, indicating the digester had successfully started 
up. During phase 1, the TAN concentration varied from 2000 mg/L to 3500 mg/L and the 
VFA kept below 3000 mg/L. TAN concentrations above 3000 mg/L were considered a 
risk to reactor stability (Vanvelsen, 1979).  After a run of 32 days, the reactor achieved a 
VS conversion of 61.1% and a biogas conversion ratio of 0.35 L/g VS with a methane 
content over 60%. The pH value was maintained at 8.1-8.3. The alkalinity was stable at 
10,000 mg/L. 
In phase 2a, from day 75 to day 120, high nitrogen content CM was fed into the reactor. 
In this stage, while the TAN gradually climbed to approximately 4000 mg/L, the VFA 
maintained low concentrations between 4000 mg/L and 6000 mg/L. The alkalinity and 
pH always remained stable. Biogas production dropped to 0.29 L/g-VS, which marked a 
reduction of approximately 17% compared to phase 1. At this point, the methane content 





Fig. 3-2 The time course of biogas production, pH, VFA, and TAN content 
In phase 2b from day 120 to day 160, the TAN gradually increased to 6000 mg/L. A 
sharp VFA accumulation from 4000 mg/L to 20000 mg/L occurred at a TAN 
concentration of 5000 mg/L after running for 200 days. Meanwhile, biogas production 
reduced 0.18 L/g VS, equivalent to 51.4% of that in phase 1. The methane content varied 
in a low percentage band between 40% and 50%. The pH kept between 8.1 and 8.3. The 
sharp increase in VFA concentration is attributable to the occurrence of inhibition. The 

















































































































with methane content varying between 33% and 50% was observed through phase 3c. 
VFA accumulation was found to be steady over 20000 mg/L and even reached to 25 000 
mg/L. The high VFA residue in the reactor also indicated insufficient methanogenesis 
activity for the consumption of even readily consumable substrates. Throughout all of 
phase 2, with a running time of over 125 days, the TAN increased from 3689 mg/L to 
6000 mg/L. Correspondingly, TCOD removal efficiency decreased from 55% to 26.0%. 
Table 3-2 Average performance of thermophilic reactor during the steady and inhibition 
stages 
Parameters Unit Phase1 Phase2a Phase2b Phase2c Phase3 
  
30-75d 75-120d 120-160d 160-200d 200-240d 
T-COD 
removal efficiency 
(%) 66.6 55.0 39.0 26.0 <19.0 
Protein removal efficiency (%) 36.0 21.0 12.0 14.0 3.0-10.0 
Carbohydrate removal efficiency (%) 82.1 77.0 71.0 67.0 59.0 
TAN (mg/L) 2830 3700 5170 6000 7000-9000 
Gas production (L/g-VS) 0.32 0.28 0.18 0.13 0.05 
CH4 (%) 61.75 51.01 39.27 40.59 34.17 
CO2 (%) 37.6 47.1 56.8 57.9 63.8 
CH4-COD /T-COD (%) 66.5 55.1 38.6 26.2 13.5 
VFA-COD/T-COD (%) 4.5 4.7 10.3 30.3 29.6 
S*-COD/T-COD (%) 6.1 6.2 15.1 5.5 3.2 
P-COD/T-COD (%) 23.0 33.8 36.1 37.8 53.7 
CH4-COD /T-COD: COD as CH4 per total COD; VFA-COD/T-COD: COD as VFA per total COD; S*-COD/T-COD: (SCOD- COD as VFA) per 
total COD;P-COD/T-COD: particle COD per total COD; Gas production (L/g-VS): g-VS influent 
 
In phase 3, NH4HCO3 was added from day 200 in order to increase the TAN 
concentration. The pH increased from 7.5 to 8.32 and then decreased to 7.4 within 20 
days. The biogas production tended to cease when the methane content dropped below 
30%. The VFA was kept at a high concentration above 25000 mg/L. Through phase 2a 
and phase 3, the addition of raw CM and NH4HCO3 into the reactor gradually increased 
the TAN concentration from 3689 mg/L to 7000-9000 mg/L. Consequently, readily 
consumable carbohydrate removal ratio dropped from 77% to 59%, and the protein 
content dropped from 21% to 3-10%. 
Throughout these three phases for 240 days, TAN continued to accumulate, except 
during the first stage when low nitrogen pretreated CM was used. After prolonged 
exposure to ammonia, the TAN concentration reached 8000 mg/L resulting in a serious 




performance of CSTR is summarized in Table 3-2. 
Our results suggest that it is not possible to avoid inhibition from ammonia in the 
thermophilic fermentation of raw CM with high solid (about 10%) influent. Long term 
operation was shown to result in a high final TAN concentration well in excess of the 
stable digestion limitation. Ammonium is a byproduct of the digestion of organics and is 
produced together with biogas production. The high biogas conversion and low TAN 
concentrations were in conflict, and this was especially true in the case of for high 
organic content waste digestion. The reactor operation strategy was adjusted to accept 
low solid influent rather than high solids. 
3.3.2 The Stoichiometry for methane fermentation of CM 
The elemental composition of the raw CM was C (35.16%), H (4.83%), O (30.12%), S 
(0.84%) and N (5.44%) analyzed by dry matter. The stoichiometric biochemical reaction 
formula, CnHaObNc+ （ n-0.25a-0.5b+1.75c ） H2O→ （ 0.5n+0.125a-0.25b-0.375c） CH4 +
（0.5n-0.125a+0.25b-0.625c）CO2+ cNH4 +cHCO3  modified from (Richards et al., 
1991) was used to describe the element balance and biogas conversion efficiency. The 





+0.13 H2S Considering the biochemical reaction formula, degrading 
1 kg VS of CM can produce 0.74 m
3
 biogas, 0.42 m
3
 methane (CH4, 56%) and 70.93 g of 
ammonia nitrogen. These theoretically calculated results are consistent with the 
experimental results of the steady stage phase1 and the slightly inhibited phase 2a. 
3.3.3 COD mass balance at different TAN levels 
Table 3-2 summarized the average mass balance in different phases based on the 
COD at different TAN levels. While feeding with pretreated CM, TAN is varying from 
2000 to 3500 mg/L. In this stage, about 66.5 % of the COD was converted into biogas, 
4.4% into VFA, 6.1% into S*-COD and 23.03% remained in SS. In phase 2a, TAN was 
within 3500-5000 mg/L, 55.1% of COD converted into biogas, 4.7% to VFA, 6.2% to 
S*-COD and 33.78% remained in SS. In phase 2b, TAN climbed to 7000 mg/L, about 
38.6% of COD transferred to biogas, and the COD in the VFA increased by 10.31%. In 
phase 2c, the VFA concentration was found to be notably high. At this point, however, 
about 30.3% COD was in the form of VFA. At this stage, the methanogenesis activity 




of the stable phase 1. In the following operation, the addition of NH4HCO3 resulted in an 
increased in the TAN concentration from 7000 to 9000 mg/L. A significant increase of 
particulate COD approximately from 23.02% (in phase 1) to 53.71% in phase 2c was also 
noted, indicating that. Not only methanogenesis but also the hydrolysis reaction had been 
suppressed. 
In phase 1 and phase 2a, when stable pretreated CM was used as the substrate, 18.6 
L/d of biogas was recovered from one kg of substrate with TS of 8.97%, whereas 23.33 
liters of biogas was produced with a TAN concentration of lower than 4000 mg/L when 
one kg of raw CM with a TS content of 12.7% was used. Our study illustrated that 





/kg VS of methane.  
 
Fig. 3-3 Mass balance of thermophilic methane fermentation 
The whole experiment was divided into 5 phases. In phase Ⅰ, pretreated CM was 
used to investigate low nitrogen CM fermentation performance. In phase Ⅱ, raw CM 
was used and long term tested to analyze nitrogen accumulation and its inhibitory effects. 
In phase Ⅲ, NH4HCO3 was added together to the raw CM to increase the TAN to an 
extreme high concentration. In phase Ⅳ, feed cased and diluted by 2times with tap water 
at day 240 to control the TAN keep around 4000 mg/L. In phaseⅤ,the biomass was 















































TAN, FA, pH, alkalinity, and biogas production following operation time. The summary 
of these phases is shown in Table 3-2. 
In phaseⅠ, as shown in Fig.1, the biogas production rate, the methane content, pH and 
total VFA concentration were stable after 32 days, indicating the digester had 
successfully started up. In this stage, TAN concentration varied from 2000 mg/L to 3500 
mg/L and the VFA kept below 3000 mg/L. TAN concentrations above 3000 mg/L were 
considered a risk to reactor stability, moreover, 50% of methane production was inhibited 
even at a TAN of 1830 mg/L reported by (Gallert et al., 1998) in thermophilic on organic 
matter of municipal solid waste by CSTR. The reactor achieved a VS conversion of 61.1% 
and a biogas conversion ratio of 0.35 L/g VS with a methane content over 60% in steady 
stage. The pH value was maintained at 8.1-8.3. The alkalinity was stable at 10,000 mg/L.  
In phase Ⅱ, from day 75 to day 120, high nitrogen content CM was fed into the 
reactor. In this stage, while the TAN gradually climbed to approximately 4000 mg/L, the 
VFA maintained low concentrations between 4000 mg/L and 6000 mg/L. At this point, 
the methane content was reduced to 50%, suggesting the reactor had begun to be subject 
to inhibition. From day 120 to day 160, the TAN gradually increased to 6000 mg/L. A 
sharp VFA accumulation from 4000 mg/L to 20000mg/L occurred at a TAN 
concentration of 5000 mg/L after running for 200 days. Meanwhile, biogas production 
reduced to 0.18 L/g VS with the methane content varying in a low percentage band 
between 40% and 50%. The pH kept between 8.1 and 8.3. A lower methane production 
0.13 l/g VS with the methane content varying between 33% and 50% was observed at the 
inhibited steady stage. VFA accumulation was found to be steady over 20 000 mg/L and 
even reached as high as 25 000 mg/L. The high VFA residue in the reactor also indicated 
insufficient methanogenesis activity for the consumption of even readily consumable 
substrates. Throughout all of phase Ⅱ, with a running time of over 125 days, the TAN 
increased from 3689 mg/L to 6000 mg/L. Correspondingly, TCOD removal efficiency 
decreased from 55% to 26.0%.  
In phase Ⅲ, NH4HCO3 was added from day 200 in order to increase the TAN 
concentration. The pH increased from 7.5 to 8.32 and then decreased to 7.4 within 20 
days. The biogas production tended to cease when the methane content dropped below 




exposure to ammonia, the TAN concentration reached 8000 mg/L resulting in a serious 
inhibition of the methane yield with a high VFA accumulation of 25000 mg/L. 
In phase Ⅳ and phaseⅤ reactor recovery was performed to investigate the feasibility 
of recovery by dilution. The results proved that the thermophilic reactor could not 
recover to the former steady condition. The mass balance was shown in Fig. 3-3 with 
ammonia variations. 
3.3.4 Energy output calculation and comparison 
 
Fig. 3-4 The gas production and mass transfer in the thermophilic fermentation  
In the steady stage, the average biogas production of thermophilic reactor was showed 
in Fig. 3-4. Feeding with ammonia stripping CM, 18.6L of biogas were produced with 
feeding 9% of TS under HRT 30day. While feeding with raw CM, 23.3L biogas was 
produced by influent TS of 12%. Without ammonia inhibition, the steady stage of CM 
fermentation obtains a good performance. With the huge bio methane, Scale issues are 
relevant as small-scale Sensitivity analysis of the net energy contribution of anaerobic 
digestion to biomass cascades technologies for biogas upgrading and storage are not fully 
developed (Frederiksson et al.2006). Table 3-1 summarizes the information about the 
efficiencies and requirements of each of the options. From the table it can be noted that 
vehicular fuel and gas upgrading are the most energy efficient options. Different uses are 
possible for the biogas produced. Energy in biogas can be transformed into thermal 
energy by means of a boiler; it can also be used directly for power generation by means 
of spark ignition or duel fuel engines, microturbines, combustion gas turbines or fuel 
cells. Furthermore, biogas can be upgraded and compressed to be used in the biogas grid 
or as vehicular fuel. 
Ammonia stripping  CM (phase 1)
TS removal efficiency : 67.9±3.0%
TVS removal efficiency : 72.5±3.0%
Q:  1L
Ammonia stripped CM
COD:   90.1(g/l)
TS:      8.95±0.5%





CH4 : 62.0 %
CO2 :  37.6 %
H2S:    1530 ppm
NH3:  220    ppm
2.8CO2+3.73 CH4+*NH3-N+0.133H2S
Q:  1L
TS:       3.47±0.65%
TVS:     1.65±0.307%
COD:    31.2(g/l)
pH:8.29±0.1
Raw CM  (phase 2a)
TS removal efficiency : 67.03±2.6%
TVS removal efficiency : 78.83±2.0%
Q:  1L
Raw CM
COD:   117(g/l)
TS:      12.77±0.5%




Gas production : 23.335L
CH4 :  51.2 %
CO2 :  47.1 %
H2S:    3025 ppm
NH3:  182    ppm
2.8CO2+3.73 CH4+*NH3-N+0.133H2S
Q:  1L
TS:       4.21±0.29%
TVS:     1.74±0.09%
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The maximum possible energy output from a specific substrate is given as a function 
of its availability, Av, and the quality of the substrate as determined by its volatile solids 
content, VS, and its Biochemical Methane Potential, BMP. However the real attainable 
energy output is usually just a fraction of the maximum methane potential and is 
determined by the efficiency of the treatment process (eff). The net methane output of an 
anaerobic reactor can be defined as in the equation (Lehtomaki 2006). Table 3-3 
summaries the maximum of methane production with different biomass. 
Table 3-3 Exemplified the maximum energy output of different biomass 
















Energy crops 7-84% a 0.17-0.55 30-150/500-12400b 1000-5000/16000-4000
0b Crop 
residues-Straw 
82% 0.23-0.25 139-145 500 -5300 
Tops and leaves 
sugar beet 
19% 0.36-0.38 36-38 1300-1400 
Pi  manure 8% 0.29-0.37 17-22 620-800 
Cow manure 8% 0.11-0.24 7-14 260-510 
Slaughterhouse 
waste 
17% 0.57 150 5500 
Vegetable waste 81.4-98.1%
a 
0.19-0.4 150-390 5050-12810 
Fruit waste 86.8-97.2%
a 
0.18-0.73 160-710 5100-23170 
Alcohol refining   3.9 140 
Beer&Malt   1.0 37 
Coffee   3.2 114 
Dairy products   0.9 34 
Wine & Vinegar   0.5 19 
Meat& Poultry   1.4 52 
Petroleum 
refineries 
  0.4 13 
Plastics & Resins   1.3 47 
Starch production   3.5 127 
Sugar refining   11.2 406 
Pulp & Paper 
(combined) 
  3.2 114 
Vegetables,Fruits & 
Juices 
  1.8 63 
Chicken manure   60 2100 
Sources: (Berglund and Borjesson 2006; Gunaseelan 2004; IPCC 1996; Lehtomaki 2006);*FM: Fresh Matter;a VS as %TS as in 
(Gunaseelan 2004), ranges for different tropical vegetable and fruit residues;b Values expressed in m3CH4 ha-1 yr-1 and MJ ha-1 





3.4 Ammonia inhibition effect and the simulation on H, A and M 
3.4.1 Effect of TAN on TCOD, protein and carbohydrate conversion 
 
Fig. 3-5 Effect of TAN on the T-COD, protein and carbohydrate removal efficiency 
Since the carbohydrates, protein and lipids in organic waste are known to have the 
largest contribution for methane fermentation, it is important to reveal the extent to 
which they were degraded in the fermentation process. Our focus was especially on 




this study, protein, carbohydrate and TCOD removal efficiency were evaluated under 
different TAN concentrations to assess the performance with and without inhibition. 
Fig. 3-5 illustrates the effect of TAN on TCOD, protein and carbohydrate removal 
efficiency. The results clearly demonstrated that it was possible to obtain a stable TCOD 
removal efficiency of over 60% and a carbohydrate removal efficiency of 80% with a 
TAN concentration of less than 4000 mg/L. At a TAN concentration of 6000 mg/L, the 
carbohydrate removal efficiency was 60%. However, stable protein conversion was 
achieved only when the TAN was lower than 3000 mg/L. At TAN concentrations 
exceeding 3000 mg/L, a reduction in rapid protein removal was observed. The protein 
removal efficiency decreased from 40% at a TAN of 1500 mg/L to just 10% at a TAN of 
6000 mg/L. The threshold toxicity levels for TCOD, carbohydrate and protein 
degradation are approximately at 4000 mg/L, 4000 mg/L and 3000 mg/L, respectively.  
Protein conversion was 71.43% lower under inhibition conditions than stable conditions, 
only a 23.52% reduction in carbohydrate conversion was observed. These results indicate 
that protein degradation is more sensitive to ammonia loading than carbohydrate and 
TCOD degradation. 
3.4.2 Effects of TAN and FA on biogas production and VFA accumulation 
Fig. 3-6a illustrates the effect of the TAN concentration on the gas production/ 
composition and on the VFA accumulation concentration. Inhibition was observed when 
the ammonia concentration increased to levels above 4000 mg/L. At  low TAN 
concentrations (<4000 mg/L), the VFA concentration was lower than 6000 mg/L (with 
acetic acid 94%) and no significant fluctuations in the amount of biogas were observed. 
However, the biogas composition was quite sensitive to TAN and slight decreases in the 
amount of biogas production when the TAN concentration was higher than 
approximately 4000 mg/L were observed. Significant decreases in methanogenesis were 
observed at the TAN concentrations up to 4500 mg/L, and a remarkable amount of VFA 
accumulation was observed (higher than 25000 mg/L with acetic acid 82%) at TAN 
concentrations exceeding 5000 mg/L. The reactor tended to be unstable when the TAN 
concentration was higher than 6000 mg/L. Gas production almost stopped when TAN 
was about 9000 mg/L. 




production (Sung & Liu, 2003). Acclimated thermophilic digestion may enable 
methanogens to tolerate up to of 8000–13000 mgNH4–N/l, depending on the acclimation 
conditions and the system pH (Sung & Liu, 2003). From a reactor operation performance 
perspective, significant TAN inhibition started at a concentration of 4000 mg/L. 
Fig. 3-6b illustrates the VFA accumulation and gas production under different FA 
levels. As reported, FA is more toxic than ionized ammonia because of its capability to 
penetrate through the cell membrane, and the subsequent intra-cellular accumulation 
leads to the production of a toxic cytosolic enzyme and/or a proton imbalance (Gallert et 
al., 1998). In our investigation, FA primarily caused a reduction in gas production, and a 
high FA concentration of 1800 mg/L began to inhibit methanogenesis. A sharp VFA 
accumulation occurred at an FA concentration of 2000 mg/L, indicating a strong 
inhibition on CM fermentation. Simultaneously, a sharp biogas drop was observed when 
FA reached 2000 mg/L. 
 
Fig. 3-6 Effects of TAN (a) and FA (b) on VFA and gas production 
Even though the mechanism of ammonia toxicity in anaerobic microorganisms is still 
largely understood, previous studies indicated that the FA inhibition concentration varied 




this study, the free ammonia initial inhibition concentration was about 1800 mg/L from 
the steady stage to the inhibited stage. A low FA concentration of 290 mg/L at pH 7.8 was 
reported to inhibit the treatment of garbage using unadapted sludge (Sasaki et al., 2011), 
while no inhibition at a high FA concentration of 1100 mg/L occurred in the treatment of 
swine manure (Hansen et al., 1998). 
3.4.3 Ammonia inhibition modeling on methanogenesis, acidogenesis and 
hydrolysis 
The methane fermentation of organic waste is a process involving three distinct stages; 
hydrolysis, acidogenesis, and methanogenesis. The methane fermentation process 
proceeds efficiently only when the degradation rates of all three stages are matched. 
Different types of microorganisms characterize the three stages and each presents a 
different sensitivity to ammonia inhibition. The inhibition modeling was calculated using 
the extended Boltzmann equation (3.7) and equation (8). The three stages of the 
biochemical reaction ratio are presented in Fig. 3-7. A stable COD conversion during 
thermophilic digestion was able to be maintained when TAN was below 4000 mg/L. The 
COD, hydrolysis, acidogenesis and methanogenesis conversions were 82%, 76%, 73% 
and 71%, respectively under stable conditions. When the TAN concentration exceeded 
4000 mg/L, methanogenesis conversion was the first to drop. The half conversion ratio of 
methanogenesis appeared at a TAN of 5876 mg/L. The acidogenesis conversion began to 
decrease when the TAN concentration exceeded 5000 mg/L. The half conversion ratio of 
acidogenesis was around 6000 mg/L. The hydrolysis ratio decreased from 76% at a TAN 
of 5076 mg/L to 30% at a TAN of 6240 mg/L. When TAN reached 6240 mg/L, the 
methanogenesis ratio decreased to 20% while acidogenesis and hydrolysis ratio 
decreased to 25% and 32%. It could be concluded that methanogenesis was firstly and 
readily inhibited, and that acidogenesis and hydrolysis conversion declined in turn. 
The three stage sequence of occurrences involved in inhibition supported the principle 
of imbalance between the acetogenic and methanogenic microorganisms, which differ 
significantly in terms of their physiology, nutritional needs, growth kinetics and 
sensitivity to environmental conditions. Hydrolysis and acidification could run under a 
higher OLR and a low pH with a high biochemical reaction rate. 




fermentation experiment and tends to be mainly focused on the methanogenesis stage. 
Both hydrolysis and acidogenesis usually attract less attention. In this study, the long 
term experimental results were calculated to establish a chronic inhibition model rather 
than one based on a batch test. Furthermore, the hydrolysis, acidogenesis, and 
methanogenesis inhibition were considered to illustrate total methane fermentation.  
 
Fig. 3-7 Simulation curve of TAN (a) and FA (b) effected on hydrolysis, acidogenesis 
and methanogenesis conversion ratio 
Parameters dx determined the change in X, which corresponds to the most significant 
change in Y values and describes the variation inhibited extent. In this study, extended 
value of ICi was calculated by the equation (7). In this model, the inhibition effects of 
TAN and FA are described by IC50 (Aziz et al., 2012). Both IC10 and IC75 were calculated 
to assess the initial inhibition and serious inhibition. A fitting curve was plotted to 
simulate long term experiments data using sigmoidal program in Origin software, version 
8.1. 
The parameters of A1, A2, x0 and dx are summarized in Table.3-4. The fitting curves 
of hydrolysis, acidogenesis, and methanogenesis are shown in Fig. 3-7a. IC10, IC50 and 
IC75  of TAN for methanogenesis were 4244 mg/L, 5058 mg/L and 5642 mg/L. The 
hydrolysis inhibition of TAN  was 4817 mg/L (IC10), 5707 mg/L (IC50) and 6292 mg/L 
(IC75) . The acidogenesis inhibition of TAN  was 4778 mg/L (IC10), 5305 mg/L (IC50) 
and 5996 mg/L (IC75), respectively. Based on the  simulation results, the threshold of 




inhibited methane fermentation, hydrolysis was the most tolerant step while 
methanogenesis was the most sensitive and also the first inhibited when exposed to high 
nitrogen levels. The results also illustrate that following the increase of TAN, 
acidogenesis and hydrolysis were inhibited in sequence and resulted in the failure of 
digestion. Those results are consistent with the termination of gas production indicated in 
Fig. 3-4.  
Table 3-4 Results of model fetting and caculation of IC10, IC50 and IC75 for equation (3.7) 








Hydrolysis 89.5±4.4 30±7.6 5494 ±202.6 311.7±1169.4 4817 5707 6292 
Acidogenesis 76.74±3.5 29.0±3.9 5233±96.1 298.1±120.1 4778 5305 5996 
Methanogenesis 70.20±3.2 9.1±4.9 5277±112.2 311.7±138.9 4244 5058 5603 
FA 
Hydrolysis 89.5±7.5 20.2±17.9 2073±60.5 80.3±55.8 1944 2120 2291 
Acidogenesis 80.7±3.7 16.0±6.7 2101.4±28.4 80.3±30.8 1961 2115 2249 
Methanogenesis 70.2±6.1 4±9.6 2021.9±49.8 80.3±43.3 1839 2012 2083 
 
Fig. 3-7b illustrates the effect of FA inhibition on hydrolysis, acidogenesis, and 
methanogenesis. Obvious FA inhibition was noted at levels of around 2000 mg/L among 
all three steps. The threshold of FA on hydrolysis, acidogenesis, and methanogenesis 
were over 2500 mg/L. The IC10, IC50 and IC75 of FA for methanogenesis were lower than 
those for both acidogensis and hydrolysis. In the mesophilic condition, the TAN 
threshold was 6000 mg/L under a controlled initial pH of 7.5 and was 6500 mg/L under a 
pH of 8.5 (Lay et al., 1998). In our study, a higher IC50 (5058 mg/l) was obtained, and a 
higher threshold (excessing 8300 mg/l) was noted for the thermophilic methane 
fermentation for methanogenesis.  
3.4.4 Principal component analysis of inhibitor on methanogenesis 
  Principal component analysis (PCA) is a mathematical procedure that uses orthogonal 
transformation to convert a set of observations of possibly correlated variables into a set 
of values of linearly uncorrelated variables called principal components. The effects of 
TAN and FA on methanogenesis was described and calculated using the extended 
Boltzmann equation: y=A2 + {(A1+A2)/ [1 + exp[(x – x0)/dx]}. Where A1 is initial value 
(left horizontal asymptote), A2 is final value (right horizontal asymptote), x0 is center 




change in Y values). The VFA accumulation concentration was simulated using modified 
Gompertz model (Niu et al., 2013).  
 
Fig. 3-8 Simulation of ammonia effects on VFA and Methane production (a) and 
PCA analysis (b) 
As Fig. 3-8 showed the simulation result of ammonia effects on VFA accumulation and 
 
 
































VFA(mg/L) A 30032.96102 1425.94169
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Methane production, while TAN below 6000 mg/L, the inhibition efficiency of ammonia 
and VFA have a close relationship on the performance of reactor. The Kmax= 4000 mg/L, 
which is defined as the tangent in the inflection point, indicates that the inhibition 
concentration of TAN started from 4000 mg/L.  
Following TAN variation from 4000 to 6000 mg/L, the VFA increased sharply from 
5000 mg/L to 25000 mg/L. The methane production decreased from 0.20 L/gVS to 0.05 
L/gVS. However, the biogas composition was quite sensitive to TAN and slight decreases 
in the amount of biogas production when the TAN concentration was higher than 
approximately 4000 mg/L were observed. Significant decreases in methanogenesis were 
observed at TAN concentrations of up to 4500 mg/L. In similar results, it has been 
reported that a concentration of 5770 mg /L resulted in 64% methane production (Sung & 
Liu, 2003). In the reactor with TAN over 6000 mg/L resulted with VFA accumulation up 
to 25000 mg/L. The inhibitor thrived in the case of free VFA and free ammonia. In this 
case, we evaluated the rate of contribution among FA, TAN, VFA, FVFA and pH by PCA 
while TAN concentration upto the 6000 mg/L (Fig. 3-8b). With PCA1 contribution of 
57.76% for unionized VFA at a value of 0.56, the results indicate 33.10% of Total VFAAS 
HAc (mg/L) at a value of 0.51 and TAN (mg/L) at a value of 0.45. This led to the 
conclusion that VFA, where it is free or ironed and combined with both TAN and FA 
caused methane production to almost ceased, VFA was the largest contributor to 





3.5 Ammonia inhibition recovery in thermophilic methane fermentation 
 
Fig. 3-9 The time course of biogas production, pH and ammonia concentration 
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The thermophilic methane fermentation of CM (10% TS) was investigated within a 
wide range of ammonia. TRFLP and 16SrDNA cloning reslutes showed significant shifts 
in archaeal and bacterial proportions with increased VFA and decreased CH4 formation 
before and after inhibition. VFA accumulated sharply with lower methane production, 
0.29 L/gVS, than during the steady stage, 0.32 L/gVS. Biogas production almost ceased 
with the synergy inhibition of TAN (8000 mg/L) and VFA (25000 mg/L). 
Hydrogenotrophic Methanothermobacter thermautotrophicus str. increased to dominate 
archaea from 9.3% in the steady stage up to 95% in the inhibition stage and 100% after 
40 days recovery. Aceticlastic Methanosaeta was not encountered with coincided 
phenomenal of high VFA in the inhibition stage as well as recovery stage. Evaluation of 
the microbial diversity and functional bacteria indicated the dominate phylum of 
Firmicutes were 94.74% and 84.4% with and without inhibition. The microbial 
community shifted significantly with elevated ammonia concentration affecting the 
performance. The methane fermentation of organic solid wastes, such as the organic 
fractions of municipal solid waste and agricultural residues has been investigated 
extensively worldwide. This process serves stabilize organic waste and simultaneously 
generates energy, thus responding to two of society‟s most urgent needs: the one for 
alternative clean energy and the one for more sustainable waste disposal. About 13 
million tons of CM are produced in Japan annually which is a typical agricultural waste 
well-suited to methane fermentation because it has a high fraction of biodegradable 
organic matter (Niu et al., 2013).  
Table 3-5 illustrates the average performance of thermophilic reactor during the steady, 
inhibition and recovery stages. Compared to mesophilic fermentation (30-40 °C), 
thermophilic fermentation (50-60 °C) generally results in high methanogenic efficiency, 
is more economical to operate and eliminates pathogens with sanitizing effects (Sutaryo 
et al., 2012). However, the thermophilic process is more sensitive to changes in the factor 
with affect operation, such as TS, pH, VFA, ammonia and toxic substrates 
(Abbassi-Guendouz et al., 2013). Free ammonia (FA) is pH and TAN (total ammonia 
nitrogen) depended in thermophilic fermentation, and is considered a key inhibitor in 
chicken manure methane fermentation (Niu et al., 2013). It has been wildely accepted 




into the cell membranes the NH3 ionized to NH4
+
,with reslutes in a pH imbalance 
between inside and outside of the cell. This pH change affects both the transportation of 
the materials and leads to lower enzyme activity (Kadam & Boone, 1996). 
Table 3-5 Average performance of thermophilic reactor during the steady, inhibition and 
recovery stages 
Parameters Unit PhaseⅠ PhaseⅡ PhaseⅢ PhaseⅣ PhaseⅤ 
  












(%) 82.1 77.0 71.0 67.0 59.0 - - 
TAN (mg/L) 2830 3700 5170 6000 7000-9000 - 3500 
FA (mg/L) 952 1798 2379 2118 2500 - 1500 
VFA (mg/L) 2860 3650 9700 23000 27000 - 10000 
FVFA (mg/L) 0.64 0.81 2.6 11.3 14.5  3.6 
Gas 
production 
(L/g-VSin) 0.32 0.28 0.18 0.13 0.05 - 0.08 
CH4 (%) 61.75 51.01 39.27 40.59 34.17 - 60 
CO2 (%) 37.6 47.1 56.8 57.9 63.8 - 40 
Anaerobic digestion usually involves several consequent degradation phases, such as 
hydrolysis, acidogenesis, and then methanogenesis (Gujer & Zehnder, 1983). High 
N-content makes CM fermentation easily inhibited by ammonia. Hashimoto (1986) 
reported that both thermophilic and mesophilic processes are inhibited at a TAN of 2500 
mg/L. Compared to the bacteria responsible for hydrolysis and acidogenesis, the 
inherently low growth rate of methanogen archaea makes the anaerobic systems sensitive 




community and thus reducing the efficiency of the process. As functionally establish the 
tolerance of microbial community for the environment press, it is important to investigate 
the microbial community in the reactor when characterizing the entire sequential 
metabolic process as a guide to operation conditions. A previous comparison (Table3-6) 
of the diversity in different anaerobic bioreactors reveals that variations in reactor design, 
operating conditions and substrate composition have a strong impact on the development 
of microbial communities (Leclerc et al., 2004).  
Although there are studies on microbial communities under thermophilic wet digestion 
conditions, only a few reports have focus on the characteristic microorganisms and 
microbial communities in thermophilic methane fermentation on manure (Yabu et al., 
2011). Previous researches reported the microbial community only focuses on chicken 
manure composts (He et al., 2013).  
Table 3-6 Comparison of TAN and FA throshold on methane production  






% of CH4 
pH Ref . 
Soluble non fat 
dry milk NH4Cl 
CSTR 55 acclimatised - 5770 64 6.4 (Sung and Liu 2003) 
Cattle manure CSTR 55 acclimatised 600-800 - - 7.4-7.9 
(Angelidaki and Ahring 
1995) 
Cattle manure UASB 55 acclimatised 500 7000 72 - (Borja et al. 1996) 
Cattle manure Continuously 55 - 900 4000 25 - 
(Angelidaki and Ahring 
1993) 
Swine manure CSTR 55 - 1600 - 70 7.97 (Hansen et al. 1998) 
Swine manure CSTR 60 - 2600 - 96 8.15 (Hansen et al. 1998) 
OFMSW 
CSTR with wate 
recycle 
55 acclimatised 251 1830 50 - (Gallert et al. 1998) 





Batch 55 acclimatised - 1000 100 - (Liu and Sung 2003) 
Cattle manure + 
NH4Cl 
Batch 55 acclimatised - 4000 - 7.2 (Hashimoto 1986) 




CSTR 55 acclimatised 2248 8261 90 7.5-8.0 This study 
As such, more information is required about the microbial community in thermophilic 




in this work, a long-term methane fermentation process feeding with 10% TS of CM 
using a continuously stirred tank reactor (CSTR) was performed to investigate the 
performance and microbial community in the stable, inhibited and recovery stages of the 
reactor. The main inhibited factors of the process were also evaluated by principal 
components analysis (PCA). 
3.6 Microbial community shifts during steady, inhibited and recovered stages  
3.6.1 Archaeal community shifts during steady, inhibited and recovered stages 
Table 3-7 Archaeal community in the thermophilic reactor of different stages 
Stages 
















42 1 77.8 96 Hydrogenotrophic 
Methanothermobacter 
thermautotrophicus str. 
5 1 9.3 99 Hydrogenotrophic 
Methanosarcina mazei 
Go1 
6 1 11.1 99 
Aceticlastic & 
Hydrogenotrophic 
Methanobacterium sp. 1 1 1.9 96 Hydrogenotrophic 







19 1 95 99 Hydrogenotrophic 
Methanobacterium sp. 1 1 5 96 Hydrogenotrophic 
Total 20 2 100.0   
Recovery 
(day 300 ) 
Methanothermobacter 
thermautotrophicus str. 
46 1 100.0 99 Hydrogenotrophic 
Total 46 1 100.0   
 
To reveal the evolution of the microbial community before and after ammonia 
inhibition, with the reactor sampled at days 35 and 120, a cloning analysis of bacterial 
and archaea were performed, respectively. The cloning analysis results are summarized in 
Table 3-7 (Archaeal community). Within the two distinct methanogenesis groups, acetate 
consuming methanogenesis were much more sensitive than hydrogen utilizing 
methanogenesis in most cases (Angelidaki & Ahring, 1993). Under the stable 
fermentation condition, Methanoculleus marisnigri JR1 utilizing H2+CO2, formate and 




Methanothermobacter thermautotrophicus str. increased to dominate methanogenesis at 
95%. Methanosarcina mazei Go1 was acetate acid utilizing which occupied 11.1% of 
archaea.  
 





In steady stage but it was not detected in the inhibition stage, proving that the VFA 
accumulation involved is largely acetic acid accumulation as showed in Fig. 3-6. Acetate 
utilizing methanogens have been shown to be responsible for approximately 70% of the 
methane produced in a biogas reactor (Ahring et al., 1995). To reveal the microbial 
community shift before and after ammonia inhibition, with the reactor sampled at day 35, 
day120 and day300, a cloning analysis of bacteria (day3 and day120) and archaea were 
performed, respectively. The results of archaea are summarized in Fig. 3-10 in form of 
phylogenetic tree for archaeal community with (a), without inhibition (b) and after 
recovery (c). Between the two distinct methanogenesis groups, aceticlastic methanogen 
were much more sensitive than hydrogenotrophic methanogens in most cases 
(Angelidaki & Ahring, 1993). Under the steady stage of fermentation, hydrogenotrophic 
Methanoculleus marisnigri JR1 utilizing H2+CO2, formate and dihydric alcohol was the 
dominant methanogen. In inhibition stage sampling at day 120, hydrogenotrophic 
Methanothermobacter thermautotrophicus str. increased to dominate methanogenesis 
occupying 95%. Aceticlastic Methanosarcina mazei Go1 was acetate acid utilizing and 
occupied 11.1% of archaea in the steady stage but was not detected in the inhibition stage. 
Aceticlastic methanogens have been shown to be responsible for approximately 70% of 
the methane produced in a biogas reactor (Ahring et al., 1995). The cloning sequencing 
results illustrated that Methanothermobacter thermautotrophicus str. was the most 
tolerant archaea in the reactor.  
Fig. 3-11 showed the Archaeal community and population shifts following operation 
course by TRFLP. Especially in the startup stage, seed sludge taken from sewage 
treatment plant condition and transferred to thermophilic condition. During the 35days, 
with significantly shifts of methanogens, Methanosarcina mazei Go1 shifts from 70.9% 
at day 6, 72.5% at day 12, 69% at day 24 and 1.5% at day 35 in steady stage. Compared 
with the cloning data at day35, aceticlastic methanogens had a population percentage of 
Methanosarcina mazei Go1 (1.5%), Methanosarcina spp. (2%) while only 11.1 % of 
Methanosarcina mazei Go1clones were detected. Hydrogenotrophic 
Methanothermobacter thermautotrophicus str. increased from 0.5% at 24d to 5.5% at 
day35 and 57% at day 90 following being the dominate methanogens in thermophilic 





Fig. 3-11 Phylogenetic tree of archaeal community in steady (a), inhibition (b) and 
recovery stages (c) 
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hydrogenotrophic Methanothermobacter thermautotrophicus str. occupied 88.7% 
becoming the dominant methanogen in the reactor. Only 5% of the population is 
aceticlastic Methanosarcina mazei Go1, which was detected when the VFA accumulation 
concentration began to increase. At day 220, the hydrogenotrophic Methanothermobacter 
thermautotrophicus str. increased to 94.2%, whereas the aceticlastic methanogens were 
just 2%. 
  At day 300 in the recovered stage, with TAN controlled below the initial inhibition 
concentration, aceticlastic methanogens began to increase again. This little difference 
between results with the cloning data and the TRFLP data may be attributing to the limits 
of the methods used. For example, no aceticlastic methanogens ware detected in the 
recovery stage in cloning but was encountered in the TRFLP. Similar results were 
reported by Angenent et al.(2002) the aceticlastic of Methanosarcina were observed to 
decrease from 3.8% to 1.2% however Methanosaeta concilii remained below 2.2%. 
Methanomicrobiales increased from 2.3% to 7% at a TAN of 3600 mg/L (Angenent et al., 
2002). Contrastly, Methanothermobacter thermautotrophicus and Methaobacrterium 
formicicum were found to be resistant to ammonia concentration of over 10000 
mgTAN/L, while Methaospirillum hungatei was more sensitive with 50% of inhibition of 
methanogenesis at 4200 mgTAN/L (Jarrell et al., 1987).  
The maximum growth rate (μm) of aceticlastic methanogens was investigated during 
in poultry manure at a TAN concentration from 7700 to 10400 mg/L with a pH variation 
of 7.80-7.93. The maximum growth rate (μm) was observed varied between 0·0046 and 
0·0000 h
−1
 in pure culture within ammonia concentrations varying between 0·55 and 
0·74 mol/liter (9350 mg/L to 12580 mg/L) (Hunik et al., 1990). Methanosarcina mazei 
Go1, growth analyses demonstrated a lower growth rate of μm = 0.02 h
−1
 compared to μm 
= 0.03 h
−1
 obtained for the wild type which was sensitive to ammonia inhibition (Ehlers 
et al., 2011). However the maximum growth rate (μm) of hydrogenotrophic methanogens 
was 0.126h
−1
 at a pH of 7.0 and a temperature of 37℃. Hydrogenotrophic methanogens 
had a higher growth rate than aceticlastic methanogens, which may be one reason why 
Hydrogenotrophic methanogens were the dominate archaea in the reactor. 
This study proved that the threshold of ammonia inhibition concentration was higher 




acetate-utilizing methanogens is the rate limiting step was consistent with the results in 
this study ,and is thought to be attributable to the long time overload during of ammonia 
overload in the reactor. The hydrogenotrophic methanogens are more tolerant and 










, the active cells ensured enough ATP was produced and that K
+
 was 
transport, keeping the proper function. The ammonia/potassium exchange reaction was 
used to evaluate the toxicity of ammonia to the growth (Sprott et al., 1984).  
3.6.2 Bacterial community shifts during steady, inhibited and recovered stages 
The assumption that acetate utilizing methanogens is the rate limiting step was 
consistent with the results in this study. The cloning sequencing results illustrated that 
methanothermobacter thermautotrophicus str. was the most tolerant archaea in the 
reactor. A summary of the bacterial community is provided in Table 3-8, indicating the 
dominant phylogenetic group of Firmicutes, which occupied 84% and Actinobacteria 
(7%), Bacteroidetes(4.2%), Proteobacteria (2.8%), Synergistetes (1.4%) without 
inhibition, respectively. While on day 120 with the inhibition of TAN concentration over 
IC50, the phylogenetic group Firmicute, represented 84% and Actinobacteria (2.3%), 
Proteobacteria (2.3%), Synergistetes (0.8%) were observed with fewer phylogenetic 
groups and main compositions which differed from the stable stage. As previously 
reported, Mahella australiensis (Salinas et al., 2004), Clostridium thermocellum (Rydzak 
et al., 2012), Clostridium sporogenes (Elsden et al., 1976), Clostridium clariflavum 
(Shiratori et al., 2009), Leadbetterella byssophila (Abt et al., 2011)and Cytophaga 
hutchisonii (Zhu et al., 2010) are able to cause hydrolysis the particulate COD of 
cellulose, starch, lipid and protein. Mahella australiensis (Salinas et al., 2004), 
Clostridium thermocellum (Rydzak et al., 2012), Clostridium sporogenes (Elsden et al., 
1976), Clostridium clariflavum (Shiratori et al., 2009), Alkaliphilus (Fisher et al., 2008), 
Halothermothrix orenii (Cayol et al., 1995), Moorella thermoacetica (Jiang et al., 2009) 
and lactobacillus are able to cause acidogenesis of SCOD.  
Ammonia production and ammonia inhibition of CM fermentation in different stages 
is showed in Fig. 3-14. Among the occupied phylogenetic group Firmicutes, 




contributed to the hydrolysis with a significant before and after inhibition changing from 
37.6% to 24.1%. 












Firmicutes     
 Natranaerobius thermophilus  7 53 37.6  
 Mahella australiensis  3 16 11.3  
 Peptoniphilus sp. 5 16 11.3  
 Alkaliphilus 2 7 5.0  
 Halothermothrix orenii 2 7 5.0  
 Ammonifex degensii 2 6 4.3  
 Moorella thermoacetica 3 4 2.8  
 Lactobacillus 2 3 2.1  
 Kurthia sp.  2 2 1.4  
 Tepidanaerobacter sp.  1 1 0.7  
 Thermoanaerobacter 
ethanolicus 
1 1 0.7  
 Clostridium thermocellum 1 1 0.7  
 Dolosigranulum pigrum 1 1 0.7  
 Enterococcus  1 1 0.7  
Actinobacteria     
 Citricoccus sp. 2 3 2.1  
 Corynebacterium 3 3 2.1  
 Propionibacterium 2 3 2.1  
 Streptomyces 1 1 0.7  
Bacteroidetes     
 Riemerella anatipestifer 1 3 2.1  
  Leadbetterella byssophila 2 2 1.4  
  Cytophaga hutchinsonii  1 1 0.7  
Proteobacteria     
  Hylemonella gracilis 2 4 2.8  
 Synergistetes     
 Anaerobaculum 
hydrogeniformans 
1 2 1.4  
Total    48 141 100.0  
 Firmicutes     
After Inhibition  
(day 120) 
 Natranaerobius thermophilus 5 32 24.1  
 Clostridium thermocellum 7 31 23.3  
 Desulfotomaculum 3 18 13.5  
 Clostridium sporogenes 9 12 9.1  
 Halothermothrix orenii 2 8 6.0  
 Pelotomaculum 
thermopropionicum 
3 4 3.0  
 Dethi bacter alkaliphilus 3 4 3.0  
 Turicibacter sanguinis 2 3 2.3  
 Ruminococcaceae bacterium  1 2 1.5  
 Syntrophothermus lipocalidus 1 2 1.5  
 Thermoanaerobacter 2 2 1.5  
 Enterococcus casseliflavus 1 2 1.5  
 Eremococcus coleocola  1 1 0.8  
 Erysipelothrix rhusiopathiae 1 1 0.8  
 Moorella thermoacetica 1 1 0.8  
 Clostridium clariflavum 1 1 0.8  
 Alkaliphilus metalliredigens 1 1 0.8  
 Pelotomaculum 
thermopropionicum 
1 1 0.8  
 Proteobacteria     
 Pseudomonas stutzeri  1 1 0.8  
 Methylophaga sp. 1 2 1.5  
 Actinobacteria     
 Corynebacterium casei  2 3 2.3  
Synergistetes     
 Anaerobaculum 
hydrogeniformans  
1 1 0.8  
  Total    50 133 100.0  
 
Peptoniphilus sp. was the protein utilized, representing 11.3% at the steady stage but not 




efficiency was also noted (see Fig. 3-12). A comparison of the two different samples of 
the microbial community indicates that TAN inhibition caused the construction of the 
community evaluated in both archaeal community and bacterial community.  
The bacterial community is provided in Fig. 3-12. Results indicated the dominant 
phylogenetic group of Firmicutes, accounted for 84.3% and that Actinobacteria (7%), 
Bacteroidetes (4.2%), Proteobacteria (2.8%), Synergistetes (1.4%) were also present 
without inhibition. It should be noted that sampling at day 120 with ammonia inhibition, 
the phylogenetic group Firmicute, represented 94.7% and Actinobacteria (2.3%), 
Proteobacteria (2.3%), Synergistetes (0.8%) were observed with fewer phylogenetic 
groups and main compositions which differed from the stable stage. Fig. 3-13 shows the 
phylogenetic tree of Bacterial community before (a) and after inhibition (b). The changes 
of this diversity can be analyzed by constructing rarefaction curves as showed in Fig. 
3-13. The size of cloning library and community diversities were judged from the 
indexes of C, D and H with distance of 0.03, which were 0.85, 0.08, 2.98 and 0.78, 0.063, 
3.21, respectively. The rarefaction curve of Simpson, Simpsoneven, Shannon, 
Shannoneven and richness index of Chao were shown in Fig. 3-13(c). With results of 
high value of inhibition stage, the microbial community diversity was shift following the 
ammonia change.  
As previously reported, Mahella australiensis, Clostridium thermocellum, Clostridium 
sporogenes, Clostridium clariflavum, Leadbetterella byssophila and Cytophaga 
hutchisonii (Zhu et al., 2010) are able to cause the particulate COD of cellulose, starch, 
lipid and protein to hydrolyze. Mahella australiensis, Clostridium thermocellum, 
Clostridium sporogenes, Clostridium clariflavum, Alkaliphilus, Halothermothrix orenii, 
lactobacillus and Moorella thermoacetica (Jiang et al., 2009) are able to result in 
acidogenesis of SCOD. Among the occupied phylogenetic group Firmicutes, 
Natranaerobius with founction of utilizing of fructose, cellobiose, ribose, trehalose 
which contributed to the hydrolysis was significantly changed from 37.6% to 24.1% 
before and after inhibition. Peptoniphilus sp. was the protein utilized, representing 11.3% 
at the steady stage but was not detected during inhibition at day 120. A comparison of the 
two different samples of the microbial community indicates that TAN inhibition caused 














































































































































































































































Fig. 3-13 Phylogenetic tree of Bacterial community with (a) and without inhibition 
(b) and diversity analysis by constructing rarefaction curves (c). 
Mahella australiensis occupied 11.3% in steady stage compared with 0.8% in the 
inhibition stage which fermented arabinose, cellobiose, fructose, galactose, glucose, 



























































































































Lactate, formate, ethanol, acetate, H2, CO2 with doubling time on glucose 11 (h) while 
metabolize on glucose. Meanwhile the major end product of pyruvate fermentation was 
acetate together with H2 and CO2 (Salinas et al., 2004). As Mesbah et al.(2007) reported 
Natranaerobius thermophiles utilized fructose, cellobiose, ribose, trehalose, 
trimethylamine, pyruvate, casamino acids, xylose and peptone as carbon and energy 
sources. During growth on sucrose, the isolate major fermentation produced were acetate 
and formate with percentage of 37.6% and 24.1% before and after inhibition. Clostridium 
thermocellum produces H2 and ethanol, as well as CO2, acetate, formate, and lactate, 
directly from cellulosic biomass (Rydzak et al., 2012). The proportion increased from 
0.7% in the steady stage to 23.3% in the inhibition stage.  
Peptoniphilus gorbachii sp.was detected in the steady stage with 11.3% but was not 
encountered  in the inhibition stage with the metabolic end product being short-chain 
volatile and nonvolatile fatty acids (Song et al., 2007). Alkaliphilus 5% were detected 
only in the steady stage with functions of fermenting lactate via the acrylate pathway as 
well as fructose and glycerol contributing for hydrolysis (Fisher et al., 2008). 
Halothermothrix orenii gen. nov., sp. with 5% in steady stage compared to 6% in 
inhibition stage, produced acetate, ethanol, H2, and CO2, from glucose metabolism 
contributing for acidogenesis (Cayol et al., 1995). Ammonifex degensii (Huber et al., 
1996), 4.3% was only encountered in the steady stage, and pyruvate was fermented to 
acetate, CO2 and hydrogen. Lactobacillus and Moorella thermoacetica (Jiang et al., 
2009) related to the acetogenic bacterium with 4 clones and 3 clones detected only in 
steady stage. Clostridium sporogenes is versatile with 9% in inhibition stage, which can 
strongly fermented glucose and pyruvic acid. Other substrate were also fermented acted 
as e
- 
acceptors such as arginine, cysteine, cysteine, methionine, pyruvic acid)(Elsden et 
al., 1976). Interestingly, Desulfotomaculum were detected with 13.5% in the inhibition 
stage which fermented acetate, pyruvate, lactate, glucose and fructose with sulfate, 
thiosulfate and sulfite as electron acceptors producing H2S. As methanogens are sensitive 
to ammonia inhibition, with a substrate competitive relation to the methanogens, 
Desulfotomaculum increased remarkably quickly, and was obviously detected due to the 
H2S in the head space. Pelotomaculum thermopropionicum was encountered at 4% in the 




hydrogenotrophic methanogen Methanothermobacter thermautotrophicus with optimum 
temperature 55 °C and pH 7 (Imachi et al., 2002). The dominant species of 
Natranaerobius was encountered at 38% and 24%, respectively contributing to 
hydrolysis and acidogenesis. Clostridium thermophile in inhibition stage was 23%, with 
contribution of hydrolysis and acidogenesis in the process. With the abundant of 
acidogenic bacteria, and lower propitiation of aceticlastic methanogens, the high VFA 
accumulation and the greatly reduced of methane production was obtained in 
thermophilic fermentation. 
3.7 Conclusions  
1). Based on elements analysis, CM fermentation was described in stoichiometry 
owning 0.74 m
3
 / kg VS degraded biogas production and 70.93 g/kgVS degraded of 
ammonia nitrogen without inhibition. Recovery stratagem of dilution was failed 
since after synthesized inhibition of ammonia and VFA 
2). Tolerance of hydrolysis, acidogenesis and methanogenesis were distinguished 
quantitively by model simulation. Methanogenesis inactivation occurred at 
lower nitrogen concentrations than hydrolysis and acidogenesis. 
Hydrogenotrophic Methanothermobacter thermautotrophicus str has a higher 
ammonia tolerance shifting to the dominate archaea in the reactor. Aceticlastic 
methanogens are more sensitive to ammonia inhibition, thus revealing serious 
VFA accumulation.  
3). Microbial communities were identified before and after inhibition by cloning 
analysis. Acetate utilizing Methanosarcina mazei Go1 represented 11.1% but 
none was detected after inhibition, thus revealing serious VFA accumulation. 
The dominant phylum of Firmicutes was 84.3% and 95% before and after 
inhibition, with the dominate gene of Natranaerobius was encountered at 38% 
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Chapter 4 Mesophilic methane fermentation and the microbial community dynamic  
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A 12L mesophilic CSTR of chicken manure fermentation was operated for 400 days to 
evaluate process stability, inhibition occurrence and the recovery behavior suffering TAN 
concentrations from 2000 mg/L to 16000 mg/L. A biogas production of 0.35-0.4 L/gVSin 
and a COD conversion of 68% were achieved when TAN concentration was lower than 
5000 mg/L. Ammonia inhibition occurred due to the addition of NH4HCO3 to the 
substrate. The biogas and COD conversion decreased to 0.3 L/gVSin and 20% at TAN 
10000 mg/L and was totally suppressed at TAN 16000 mg/L. Carbohydrate and protein 
conversion decreased by 33% and 77% after inhibition. After extreme inhibition, the 
reactor was diluted and washed, reducing TAN and FA to 4000 mg/L and 300 mg/L 
respectively, and the recovered biogas production was 0.5 L/gVSin. The extended Monod 
model manifested the different sensitivities of hydrolysis, acidogenesis and 
methanogenesis to inhibition. VFA accumulation accompanied an increase in ammonia 





4.1 Introduction  
With the increase in intensive and mechanized poultry breeding industries, large 
amounts of waste are being produced (MAFF, 2008). Efforts to produce much more 
biogas by treating CM with dry methane fermentation methods with high solids resulted 
in failure (Gallert & Winter, 1997). Actually, CM has a higher nitrogen content than cow 
manure, food waste, pig manure and waste active sludge (Qiao et al., 2011). The 
excessive ammonia produced due to the hydrolysis of this nitrogen material exerts a toxic 
and inhibitory effect on microbial activity and results in an unstable process (Angelidaki 
& Ellegaard, 2003; Chen et al., 2008). Attempts to use TS concentrations as low as 
0.5-3 % were made to alleviate ammonia inhibition. However, the substantial amount of 
effluent produced meant the cost of following treatment was higher (Bujoczek et al., 
2000; Le Hyaric et al., 2011). While other efforts, including co-digestion with low 
nitrogen waste and diluting CM with other slurry to low total solid (TS), have been made 
to alleviate the ammonia inhibition effects, those methods were not always effective. 
Previous researches reported that the co-digestion of CM with cattle slurry and 
fruit/vegetable waste was not able to counter high ammonia concentrations (Callaghan et 
al., 2002; Duan et al., 2012; Hidaka et al., 2012). As yet, the reasons for the difficulties 
encountered with the sole high solid fermentation of CM have not been revealed. 
The concentrations of ammonia tolerated in livestock digestion at 3000-4000 mg/L, 
were reported (Angelidaki & Ahring, 1993). It was shown that between 80-90% of 
methane production was suppressed when the total ammonia nitrogen (TAN) 
concentration was 8000 mg/L (Krylova et al., 1997). Hashimoto (1986) reported that 
both thermophilic and mesophilic processes are inhibited at a TAN of 2500 mg/L. 
(Zeeman et al., 1985) even reported an inhibition at TAN concentrations of 1700 mg/L. 
Free ammonia (FA) was distinguished as the cause of inhibition. It was shown that FA 
diffuses into the cell membranes and sequentially ionizes the NH3 to NH4
+
 leading to a 
pH imbalance between inside and outside the bacterial cell. This pH change affects both 
the transportation of the materials and leads to lower enzyme activity (Kadam & Boone, 
1996; Kayhanian, 1999). An FA concentration of 700-1100 mg/L was shown to be 
capable of triggering inhibition in many kinds of substrates (Angelidaki & Ahring, 1993; 




finding. One example is that in pure culture in the lower pH range (6.5-7.0), NH4
+
 ion 
inhibition effects were identified before the FA threshold was reached (Jarrell et al., 1987; 
Sprott & Patel, 1986).  
In very few articles, recovery strategies have been proposed for inhibited reactors. 
Bujoczek et al.( 2000) suggested diluting the substrate to low TS (0.5-3%) to reduce the 
nitrogen content. (Nielsen & Angelidaki, 2008) discussed the effects of lowering the 
reactor temperature, adding chemicals and increasing the C/N ratio in attempt to recover 
an inhibited reactor. A practical approach of diluting the cow manure fermentation 
reactor with effluent, fresh water and raw manure was shown to successfully shorten the 
recovery period (Nielsen & Angelidaki, 2008).  
Some research has been focused on the sole fermentation of CM and a detailed 
analysis of the process steps has been made. Still, more information is required about the 
reactor operation and management in order to understand how to effectively recover the 
process. In this work, a long-term methane fermentation process feeding CM containing 
10% TS using a continuously stirred tank reactor (CSTR) was performed to investigate 
the stability, inhibition and recovery of the inhibited reactor. The methane conversion 
efficiency, VFA accumulation following ammonia variation and methanogenesis, 
acidogenesis and hydrolysis were investigated both with and without inhibition. 
Methane fermentation is the most prominent bioenergy technology in today‟s world 
and is a success story in the challenge to urgently find alternative clean energy (CH4 has 
an energy value of 35KJ/L at standard condition) and also in the quest for a more 
sustainable waste disposal system (Weiland, 2010). About 13 million tons of CM are 
produced in Japan annually with its high fraction of biodegradable organic matter, it is 
suited to methane fermentation (Niu et al., 2013).  
Methane fermentation is a microbial process achieved by the interaction between 
microorganisms within bacteria and archaea involving several consequent degradation 
phases, typically hydrolysis, acidogenesis, and then methanogenesis (Gujer & Zehnder, 
1983). Hydrolytic and acidogenic bacteria have been reported to have a higher diversity 
and a faster growth rate than methanogens in methane fermentation (Li et al., 2009). 
However, the inherently low growth rate of methanogen archaea makes the anaerobic 




CM fermentation makes it susceptible to inhibition by ammonia. As an end product of 
urea hydrolysis or protein degradation, TAN (total ammonia nitrogen) is considered a 
common inhibitor even though it is essential for bacterial growth at low concentrations 
(Niu et al., 2013).The efficient operation of methane fermentation bioreactors relies on 
syntrophic relationships among hydrolytic bacteria, specialized acidogenic and 
acetogenic bacteria, and methanogens. The effect of different environment pressure 
levels on the entire community is a reduction in the efficiency of the process (Fernandez 
et al., 1999). Now that the importance of the tolerance of the microbial community has 
been established, understanding the ecology of the microbial community in different 
environmental conditions is essential in order to control the reactor. Previous studies 
comparing the diversity between different anaerobic bioreactors reveals that variations in 
reactor design, operating conditions and substrate composition have a strong impact on 
the development of microbial communities (Leclerc et al., 2004). Although there are 
studies on microbial communities under mesophilic condition, only a few reports have 
focused on the characteristic microorganisms and microbial communities in the high 
ammonia concentration of chicken manure methane fermentation (Yabu et al., 2011). 
Moreover, farther studies of the relationship between microbial community dynamic and 
performance variation are needed.  
In this work, a long-term methane fermentation process feeding with 10% TS of CM 
using a continuously stirred tank reactor (CSTR) was performed. The ammonia 
concentrations were varied widely in order to investigate the performance and microbial 
community in stable, inhibited and the recovery stages of the reactor. The analysis of the 
functional community structure and operating conditions revealed a close relationship 
between community shift and ammonia concentration. 
4.2 Material and Methods 
4.2.1 CM properties 
Original raw CM, with TS of 44.3%, was taken from farmland was kept in the 
refrigerator. CM was grinded with tap water to 10±2% TS using a heavy duty laboratory 
blender. The CM slurry was used as the continuous stirred tank reactor (CSTR) substrate. 
The shredded CM, hereafter referred to as raw CM, was stored in a 4℃substrate tank 




nitrogen of raw CM from the same farmland, was taken from HITACHI Company. The 
TN of striped CM was 3590 mg/L, much lower than raw CM with TN of 6450 mg/L. 
Ammonia stripped CM and raw CM were similarly in TCOD but different in ammonia 
concentration. The total solid (TS), volatile solid (VS), suspended solid (SS), volatile 
suspended solid (VSS), total COD (TCOD), NH4
+
-N and total Nitration (TN) were 
analyzed to provide substrate properties. The characteristics of the CM are given in Table 
4-1.  
4.2.2 CSTR operation procedure 
A lab-scale CSTR with a working volume of 12 liters (total 15 liters) was operated 
under the mesophilic (35±1℃) condition. The reactor was warmed by water circulation 
agitated with a motor (200-300 rpm). A wet gas meter was used to measure the amount of 
daily biogas. The substrate tank was stirred (200-300 rpm) to keep the CM at a uniform 
state. The HRT was set at 30 days. An automatic feed system with a peristaltic influent 
pump and a timer were used to feed substrate 12 times per day. Each feed was lower than 
1% of the reactor working volume. The seed sludge was taken from the mesophilic 
anaerobic digestion of the municipal sewage treatment plant. 
Table 4-1 Characteristics of raw CM and ammonia stripped CM. 
 Constituent Unit Average(n=6） SD(±) 
Raw CM 
 
TS (%) 11.2 0.53 
VS (%) 8.27 0.83 
SS (%) 10.1 0.11 
VSS (%) 7.55 0.67 
T-COD (mg/l) 103000 3200 
TN (mg/l) 6450 810 
TAN (mg/l) 3850 200 
C % (dry) 35.2 0.45 
H % (dry) 4.83 0.05 
N % (dry) 5.44 0.24 
O % (dry) 30.1 0.18 
S % (dry) 0.84 0.10 
Ammonia stripped 
CM 
TS (%) 8.93 0.14 
VS (%) 6.13 0.20 
SS (%) 0.79 0.05 
VSS (%) 5.59 0.05 
T-COD (mg/l) 94400 8230 
TN (mg/l) 3590 570 
TAN (mg/l) 2500 100 
T-COD: Total COD. 




TAN: Total ammonia nitrogen. 
C: C Element in dry CM. 
4.2.3 Analytical methods 
The pH, alkalinity, COD, NH4
+
-N, TS, VS, SS, VSS, carbohydrate and protein were  
analyzed according to Japan Standard Methods (JSWA, 1997). Carbohydrate was 
analyzed by phenol-sulfuric acid method; protein was analyzed by Lowry method. The 
VFA was measured by gas chromatography (Agilent- 6890). The record daily biogas was 
calibrated to that under standard conditions (0℃; 1.013 bar). The biogas composition 
was measured by a gas chromatograph (Shimaszu GC-8A) equipped with a thermal 
conductivity detector. An elemental analyzer (Nario EL III CHNS) analyzed the 
elemental composition of C, H, O, N, and S. FA was calculated according to the 





The continuous experimental data of VFA was simulated in this study using a 




𝐶𝐴：  Ammonia concentration（mg/L） 
C𝑉：  VFA accumulation concentration（mg/L） 
𝐾𝑚𝑎𝑥: The maximum VFA accumulation rate;  𝐾𝑚𝑎𝑥 is defined as the tangent in the 
inflection point 
𝐶𝐴,0 :  The TAN concentration of the initiate accumulation under inhibition;  𝐶0, is 
defined as the x-axis intercept of this tangent（mg/L） 
𝐶𝑉𝑚𝑎𝑥: The maximal value of VFA concentration（mg/L） 
Biogas was calibrated to that under standard conditions (0℃; 1.013 bar). The biogas 
          NH4
+↔NH3+H
+ 
C𝑉 = 𝐶𝑉𝑚𝑎𝑥 ∗ exp  −𝑒𝑥𝑝 [
𝐾𝑚𝑎𝑥 ∗ 𝑒 ∗  𝐶𝐴,0 − 𝐶𝐴 + 𝐶𝑉𝑚𝑎𝑥
𝐶𝑉𝑚𝑎𝑥




composition was measured by a gas chromatograph (SHIMADZU GC-8A) equipped 
with a thermal conductivity detector (TCD) and a 2 m stainless steel column packed with 
Porapak Q. Helium was the carrier gas at 30 ml min
-1
. The column temperature was 70℃ 
and the injector and detector temperatures were 100℃ and 70 ℃, respectively. The 
elemental composition of C, H, O, N, and S was determined by an elemental analyzer 
(Nario EL III CHNS). 
The microbial community was analyzed by 16S rDNA gene cloning and sequencing. 
Genomic DNA was extracted from samples with an Ultra Clean Soil DNA Isolation Kit 
(MO-BIO). The amplification of 16S rDNA was performed with the primers EUB 8F 
(5`-AGA GTT TGA TCM TGG CTC AG-3`) and Univ1500R (5`-GGT TAC CTT GTT 
ACG ACT T- 3`) for bacteria and A109F (5`- ACK GCT CAGTAACACGT-3`) and 
1059R (5`-GCC ATG CAC CWC CTC T-3`) for archaea. Thermal cycling of PCR 
consisted of 30 s denaturing at 94 ℃, 40s of annealing at 50 ℃, and extracting at 72 ℃ 
for 1min with 30cycles for Archaea and 23 cycles for bacteria. The PCR products were 
firstly purified by Micro Spin™ S-400 HR (Amersham Pharmacia GE, USA). The 
purified DNA was cloned with the TOPO TA Cloning® Kit (Invitrogen,USA ) and 
transformed into Escherichia coli DH5a competent cells. Cloned DNA fragments were 
obtained and spread on plates. After an incubation period of 24 hr at 37 °C, the white 
ones were randomly picked out and transferred to LB with another 6 hours of continuous 
incubation. An insert check was performed using the vector of the M13 primer. The 
successful ones were used for sequencing. Similar searches for the assembled sequences 
were performed using the NCBI Blast search program within the GenBank database 
(http://www.ncbi.nlm.nih.gov/blast/). 
The analysis of the 16S rDNA gene-based terminal-restriction fragment length 
polymorphism (T-RFLP) was performed according to (Kobayashi et al., 2009). The 
primer of cy5 -labeled ARC1059R (5`-GCC ATG CAC CWC CTC T-3`) and ARC109F 
(5`- ACK GCT CAGTAACACGT-3`) were used for PCR (same conditions with cloning 
PCR). The purified PCR products were digested with restriction nucleases TaqI. After 
ethanol precipitation, the digested PCR products were electrophoresed using a CEQ8000 
sequencer (BECKMAN) at 60 °C for 65 min with a CEQ size standard 600 




Analysis Ⅲ  (http://mica.ibest.uidaho.edu/trflp.php) and confirmed based on the 
seducing date of 16S rDNA cloning.  
4.2.4 Diversity indices and rarefaction analysis 
All the sequences were grouped into operational taxonomic units (OTUs) using a 
programme of distance based OTU and richness was determined by Mothur (Schloss et 
al., 2009). Based on the grouping of unique OTUs, the frequency data for each distance 
level was used to construct rarefaction curves and the diversity indices like Coverage 
(C=1-ni/N, N total clones, ni the number of clones with only emerged once) Shannon‟s 
evenness index for general diversity H`=-∑PilnPi and Simpson‟s dominance index 
D=∑[(ni (ni-1))/(N (N-1))]. Here, N is the total number of OTUs in the ith 16S rDNA 
gene sequence phylogroup, Pi is the proportion of OTUs in ith 16S rDNA gene sequence 
phylogroup, ni is the number of OTUs in the ith 16S rDNA gene sequence phylogroup. 
The regression lines were calculated using the modified hyperbolic equation y= x/(ax + 
b), where y is the cumulative number of different sequences, x is the total number of 
clones, and a and b are the coefficients proposed (Sekiguchi et al., 1998). The regression 
lines of Richness index of Chao, Simpsoneven and Shannoneven were also calculated to 
assay the cloning library and microbial diversity using Mothur (Schloss et al., 2009).  





The conversion efficiency of hydrolysis, acidogenesis and methanogenesis were 
calculated based on the COD balance in equation (3), (4) and (5). TCODin was the total 
influent COD and SCODin was the influent SCOD. SCOD was the centrifuged effluent 
supernatant COD. CODCH4 was calculated based on the principle of 
0.35m
3
-CH4/kg-COD under standard conditions. CODVFA was the total VFA 
concentration calculated by oxygen demand of individual VFA. CODVFAin was the 
influent of CODVFA. The conversion efficiency was calculated once the steady state was 
Hydrolysis  % = 
(SCOD - SCODin + CODCH4)
TCODin-SCODin
                   (3) 




               (4) 
Methanogenesis  % =    
CODCH4
TCODin





4.3 Results and discussion     
4.3.1 Long term performance under stable and inhibition  
 





The experiments were divided into two stages. The first stage involved the stable 
(lasting 190 days) and inhibition (lasting 124 days) parts of the process (Fig. 4-1). The 
other was the recovery experiment, which lasted 46 days. All the experimental data were 
used to establish an inhibition model, to calculate the inhibition threshold and describe its 
occurrence.    
In the startup stage, the experiments were subdivided into 4 phases. In phase I, from 
day 28 to day 75, ammonia stripped CM was used as the feed to investigate the 
performance of low nitrogen CM fermentation. In phaseⅡ, from day 76 to day 195, raw 
CM was used as the feed to analyze ammonia accumulation and inhibition effects. In 
phase Ⅲ, (day196 to day 245) and phase Ⅳ (day 246 to day 310), NH4HCO3 was 
artificially added with the substrate to bring the TAN to an extremely high concentration. 
Fig. 4-1 shows the TAN, FA, pH, alkalinity, biogas production and VFA variation 
following operation time. The summary of these four phases is shown in Table 4-2. As 
shown in Fig. 4-1, the reactor became stable after 28 days, indicating a successful startup. 
From day 28 to day 75 in phase I, the reactor achieved a VS conversion of 61.1% and a 
biogas conversion of 0.35 -0.40L/g VSin with methane content over 61%. The ammonia 
stripped substrate resulted in low levels of ammonia, around 3000mg/L, and no inhibition 
occurred. 
In phaseⅡ, from day 76 to day 195, raw CM was fed into the reactor. The TAN 
gradually climbed to approximately 6000 mg/L and kept level. The VFA was around 
2000 mg/L. The pH remained stable and the alkalinity increased from 10000 to 20000 
mg/L. The biogas production reduced to 0.30 L/gVS, which was 80% that of phaseⅠ
with low TN ammonia stripped CM. The methane content slightly decreased to 55-60%, 
which was consistent with the slight increase in the VFA. The reactor did not suffer from 
inhibition in this phase. It should be noted that (Vanvelsen, 1979) reported that TAN 
concentrations above 3000 mg/L exert inhibition on reactor. 
In phaseⅢ, from day196 to 245, with TAN concentrations up to 7000 mg/L thanks to 
the addition of NH4HCO3 in the substrate, the biogas production decreased from 0.30 to 
0.10 L/g-VS, corresponding to a reduction of approximately 71% and 66% compared to 
phase 1 and phaseⅡ, respectively.  




continually added both to the reactor and the substrate, until they were over 15000 mg/L 
at day 311. From day 260 to day 290, even with VFA levels higher than 16000 mg/L, 
biogas production remained stable. This can be attributed to the escaping CO2 which was 
come from HCO3
- 
with reaction of VFA. Biogas production finally ceased when TAN 
concentrations extended beyond 16000 mg/L, with the CH4 composition as low as 14%. 
The observed inhibition threshold of TAN 16000 mg/L in this study was higher than that 
previously reported both in batch experiments and in full-scale experiments (Garcia & 
Angenent, 2009; Nielsen & Angelidaki, 2008).  
Table 4-2 Average performance at different phases (steady stage, inhibition stage and 
recovery stage) 
Parameters Unit Phase1 Phase 2 Phase3 Phase4 
Recovery 
(With 5% fed) 
  30-75d 76-200d 201-259d 260-314d 360d-400d 
TSin % 8.93 10.5 11.0 11.5 5.7 
VSin % 6.13 7.70 8.10 8.40 4.0 
pH - 8.10 8.15 8.25 8.00→8.20 7.80 
TAN (mg/L) 2300 5000 8000 10000→15000 4000 
VFA (mg/L) 500 1500 5000 15000 1000 
T-COD (mg/L) 80000 10000 11000 11000 55000 
Gas production rate (L/g-VS) 0.41 0.35 0.30 0.30→0.00 0.50 
CH4 (%) 62 60 59 50→08 60 
CO2 (%) 38 40 41 40→00 40 
Removal efficiency       
T-COD (%) 68 60 55 20→0 70 
Protein  (%) 55 30 18 10→0 60 
Carbohydrate  (%) 85 75 60 40→00 86 
COD conversion       
CH4-COD /T-COD (%) 71 59 49 - 70 
VFA-COD/T-COD (%) 1.2 1.5 12 - 6.9 
S*-COD/T-COD (%) 6.1 6.2 1.0 - 3.1 
P-COD/T-COD (%) 21.0 34.1 37.3 - 20.1 
CH4-COD: COD as CH4  
VFA-COD: COD as VFA  
S*-COD:  SCOD- COD as VFA 
P-COD/T-COD:   particle COD  
Gas production (L/g-VS): g-VS influent  
The results of stage one indicate that ammonia initial inhibition occurred at around 
5000 mg/L after 150 days. Stable methane fermentation was maintained in the case of 
raw CM with TAN levels below 5000 mg/L. After prolonged exposure to higher 
ammonia, the methane yield was seriously inhibited. The VFA reached 15000 mg/L and 




mg/L to 1600 mg/L with obvious increases in the VFA concentration from 1678 to 8747 
mg/L. The biogas ceased with FA at around 3000 mg/L at a TAN concentration of 15000 
mg/L. 
4.3.2 Effects of ammonia on COD, carbohydrate and protein removal efficiency 
 
Fig. 4-2 Effects of TAN on the removal efficiencies of T-COD, carbohydrate and 
protein 
Carbohydrate, protein and lipids are the main organic materials contributing to 
methane production. TCOD, carbohydrate and protein removal efficiency were evaluated 
with and without inhibition. Fig. 4-2 illustrated the results. The carbohydrate removal 
efficiency was 60% at a TAN of 8000 mg/L and 25% at a TAN of 14000 mg/L. The 
results demonstrated the possibility of obtaining stable TCOD removal efficiency over 




5000 mg/L.  
The conversion efficiency of protein was much lower than TCOD and carbohydrate, as 
shown in Fig. 4-2. The average removal efficiency was 50% with TAN levels lower than 
2000 mg/L, and this decreased to 30% when TAN increased from 3000 mg/L to 5000 
mg/L. A rapid decrease in protein removal efficiency occurred when TAN levels 
exceeded 5000 mg/L. (Gallert et al., 1998) reported a 50% ammonia inhibition at a TAN 
of 3000 mg/L, and that protein removal efficiency almost ceased at a TAN of 6000 mg/L 
in peptone mesophilic fermentation. 
The protein content in CM was 25% of the TS, which is main source of ammonia. As 
(Mata-Alvarez, 2003) reporteded, protein degradation can be expressed by their 




, which are lower than for carbohydrates (k, 
0.5-2.0d
-1
). TCOD, carbohydrate and protein removal efficiency gradually decreased as 
TAN increased from 5000 mg/L to 15000 mg/L. Under inhibition, the protein conversion 
was 80% lower than phaseⅠ, while carbohydrate conversion decreased by 25% and 
COD conversion decreased by 22%. These results indicated that the degradation of 
protein was more sensitive to ammonia than the degradation of carbohydrate. 
4.3.3 Distinguishing the inhibition effects of ammonia and VFA accumulation  
The relationship between biogas production and VFA accumulation is clear and is 
based on the metabolism of the microorganisms involved. At a steady stage, hydrolysis, 
acidogenesis and methanogenesis maintain a metabolic balance. △VFA (VFA production 
-VFA consumption), used to express the VFA accumulation, was analyzed as the indicator of 
the process deterioration. As has been reported, when VFA accumulation concentration 
reached 6000 mg/L at a TAN inhibition concentration of 5000 mg/L, the biogas was only 
25% that of the no inhibition stage (Garcia & Angenent, 2009). 
The long-term experimental results were calculated and establish in an inhibition 
model. Biogas production was simulated using the extended Monod equation (2) 




R:   the biogas production ratio (L /g VS) 
𝑅 = 𝑅0(1 −
𝐼
𝐼∗




R 0:  the maximum R (L /g VS) 
I:    the TAN or FA concentration (mg/L) 
𝐼∗:   the TAN or FA inhibition threshold (mg/L)  
n:    constant 
In this model, inhibition effects were described by R0, n and I
*
. Constant n determined 
the curve shape reflecting acute or chronic toxically inhibition pattern. In equation (7), 
nonlinear fitting solves the unknown parameters. In this study, Origin software V 8.1 was 
used to confirm R0, n, and I by the Gauss–Newton procedure. 
Fig. 4-3 illustrates the effect of TAN concentration on the biogas production rate and 
VFA accumulation. The VFA concentration was fitted with R
2
=0.95 based on equation 
(2), with an initial inhibition concentration of 𝐶𝐴,0= 5135±188 with 𝐾𝑚𝑎𝑥=2.85±0.21 
and 𝐶𝑉𝑚𝑎𝑥=17200±670, respectively. Biogas production was simulated with R
2
=0.85 
based on equation (7), with a maximum R0=0.34±0.01, I=14500±470 and n=0.12±0.03, 
respectively. IC10 and IC50 of ammonia in the biogas were 8471 mg/L and 14400 mg/L, 
respectively 
At TAN concentrations of lower than 4000 mg/L, the VFA was lower than 1000 mg/L 
when fed with both ammonia stripped CM and raw CM. The VFA significantly increased 
after TAN reached 5100 mg/L. TAN resulted in VFA accumulation when NH4HCO3 was 
artificially added. When TAN varied from 5000 mg/L to 10000 mg/L, the VFA 
accumulation sharply increased from 2000 mg/L to 15000 mg/L. The VFA concentration 
became stable at approximately 15000 mg/L, when the TAN concentration had increased 
from 10000 mg/Lto16000 mg/L. 
Biogas production slightly decreased once the TAN concentration was over 4000 mg/L. 
Biogas production tended to be unstable when the TAN concentration was higher than 
6000 mg/L. When TAN increased to 10000 mg/L, the biogas production had decreased 
by13-20%, with methane as low as 45-50%. A sharp drop in biogas production with low 
methane content was observed when TAN reached 14000 mg/L, indicating a strong 
inhibition effect on the reactor. Biogas production ceased at a TAN concentration of 
16000 mg/L, while the simulation result indicated it would stop at a TAN concentration 





Fig. 4-3 Simulation of TAN (FA) effect on the biogas production and VFA 
accumulation 
However, biogas decreased gradually after TAN concentrations went over 4000 mg/L 
until 14000 mg/L and then decreased sharply when TAN ranged from 14000 mg/L to 
16000 mg/L. VFA accumulation concentration was observed to sharply increase in the 
range from 5000 mg/L to 10000 mg/L and keep stable at 16000 mg/L even when TAN 
continued to increase from 14000 mg/L to 16000 mg/L with the addition of NH4HCO3. A 
similar result was found in earlier research (Garcia & Angenent, 2009). The interaction 
between ammonia, VFA and pH creates a balance, which is especially notable when 
treating a high ammonia concentration (Angelidaki & Ahring, 1993). This ammonia 
buffering system increases the pH stability even with significant VFA accumulation and 
forms a steady inhibition stage. In this steady stage, not only methanogenetic activity but 
also hydrolysis and acidogenetic activity are suppressed (Nielsen & Angelidaki, 2008). 
This special steady stage increases the difficulties of process stability judgement and of 
making recovery strategies. It has been reported that acclimated thermophilic digestion 
enables methanogens to tolerate up to of 8000-13000 mg NH4
+
–N/l, depending on 
acclimation conditions and system pH (Sung & Liu, 2003). Previous studies suggested 




inhibition of CH4 production (El Hadj et al., 2009). However, a high tolerance of 3000 
mg/L and 4000 mg/L of FA has also been reported in the thermophilic process by 
(Angelidaki & Ahring, 1993). 
Excess ammonia caused a primary inhibition phase with VFA accumulation and biogas 
production gradually decreasing before the next phase, characterized by significant 
interactive inhibition together with VFA. In this study, an FA concentration of 1000 mg/L 
started to primarily inhibit methanogenesis. A sharp increase in VFA accumulation 
occurred when the FA concentration was 2000 mg/L, indicating strong inhibition on the 
process. Simultaneously, a sharp drop in biogas production was observed when FA 
reached 2000 mg/L.  
4.3.4 Simulation of hydrolysis, acidogenesis and methanogenesis  
Hydrolysis, acidogenesis and methanogenesis are the main steps in the process. Most 
of the earlier research on ammonia inhibition was based on batch experiments and the 
focus was mainly on the methanogenesis stage. Hydrolysis and acidogenesis has attracted 
little attention. In this study, long-term reactor experiment results were calculated for 
hydrolysis, acidogenesis, and methanogenesis, which clearly illustrate the three steps of 
methane fermentation process by equation (7). The fitting curves of the three stages are 
shown in Fig. 4-4. The parameters of R0 I
*
 and n are shown in Table 4-3.  
Table 4-3 Results of model fitting and caculation of IC10, IC50 and IC90 









Hydrolysis 0.29±0.05 82.55±2.18 15620±350 5500 14300 15300 
Acidogenesis 0.22±0.05 75.26±3.00 15381±366 6500 14600 15000 
Methanogenesis 0.46±0.13 71.76±2.26 13359±994 4800 10300 13000 
FA 
Hydrolysis 0.67±0.35 86.05±4.32 3530±1005 700 2200 3200 
Acidogenesis 0.70±0.55 75.96±4.64 3637±1570 800 2300 3500 
Methanogenesis 0.21±0.06 70.33±2.60 1897±31.70 650 1730 1800 
Hydrolysis inhibition occurred at TAN concentrations of 5500 mg/L (IC10), 14000 
mg/L (IC50) and 15300 mg/L (IC90), respectivly. Acidogenesis inhibition occurred at TAN 
concentrations of 6500 mg/L (IC10), 14000 mg/L (IC50) and 15000 mg/L (IC90) , 




4800 mg/L, 10300 mg/L and 13000 mg/L. The threshold of TAN on hydrolysis, 
acidogenesis, and methanogenesis was over 14000 mg/L based on the simulation results. 
While methanogenesis was the most sensitive, hydrolysis was the most tolerant step and 
also the first inhibited step when exposed to high ammonia. The results also illustrated 
that after increases of TAN, acidogenesis and hydrolysis were inhibited in sequence, 
finally resulting in the failure of the process. Under the mesophilic condition, the TAN 
threshold was 6000 mg/L at a controlled initial pH of 7.5 and was 6500 mg/L under a pH 
of 8.5 (Lay et al., 1998). In this study, a higher IC50 (TAN 10300 mg/l) was obtained and 
a higher maximum threshold (excessing 13000 mg/l). This can be attributed to the effects 
of the long-term  accumulation of microorganisms. 
It is also important to mention that even increases in FA at stable TAN concentrations 
also resulted in VFA accumulation, indicating a synergistic relationship between FA and 
TAN. Many studies have demonstrated the inhibitory effect of FA on methogens, which 
was distinguished as the cause of inhibition,leading to a supression in methane formation 
(Duan et al., 2012; Hawkins et al., 2010). Duan et al.(2012) reported 4 degress of FA 
inhibition in mesophilic digestion of high solid sewage sludge: a slight inhibition at 400 
mg/L, moderate inhibition at 400-600 mg/L, and significant inhibition at 600-800 mg/L, 
lastly causing fragility in the process. In the mesophilic range, from temperature 25℃ to 
35℃ , FA increased from100 mg/Lto 250 mg/L elevating toxicity effects on methanogen 
(Garcia & Angenent, 2009). On the other hand, no inhibition occurred at a high FA 
concentration of 1100 mg/L when treating swine manure at 55 ℃ (Hansen et al., 1998). 
In the present study, obvious inhibition was noted at an FA of around 1000 mg/L in all 
three steps. The FA thresholds on hydrolysis and acidogenesis were over 3000 mg/L, 
however, it was below 2000 mg/L for methanogenesis. The IC10 (650 mg/L), IC50 (1730 
mg/L) and IC90 (1800 mg/L) of FA for methanogenesis were lower than those of 
acidogensis (800 mg/L, 2200 mg/L and 3200 mg/L) and hydrolysis (700 mg/L, 2300 
mg/L and 3500 mg/L).  
The thresholds of both TAN and FA were higher than those reported in mesophilic 
condition.The total biogas process threshold extended over TAN concentrations of 15000 






Fig. 4-4 Simulation of TAN and FA concentration effect on COD conversion 
efficiencies 
4.4 Performance of the recovery experiment  
The substrate was stopped from day314 to day362 and the recovery experiment was 
started to investigate feasible recovery methods. At day 314, half of the inhibited biomass 
was discharged and injected with tap water to reduce the amount of ammonia in the 
reactor. After dilution, the TAN and FA were 7000 mg/L and 1000 mg/L, respectively. 
The VFA decreased to 8000 mg/L. By diluting the reactor, the FA consternation was 
expected to fall below the initiated inhibition of 1000 mg/L while the TAN concentration 
was still over the initial inhibition threshold. However, within this period, no obvious 
biogas was produced, as shown in Fig. 4-5. Acetic acid was below 5000 mg/l and then 
upgraded to 7000 mg/l at day 315 and varied from 5000-6000 mg/l. This indicated the 





Fig. 4-5 The time course of biogas production, VFA, and TAN content in the 
recovery experiment 
At day 326, tap water was used to wash the biomass in two times of volume. The 
CSTR was stirred for 30 minutes, and then left for one hour to allow sediment to form 
before the top-level water was siphoned off to retain the microorganisms. The sludge had 
a VFA below 4000 mg/L and a TAN below 4000 mg/L. The FA concentration had 
dropped to 500 mg/L, which was lower than the initial threshold. From day345, biogas 
production recovered up to 0.4 L/Ld
-1




composition reached 67% and then stabilized at 60% with a pH around 7.8. In this period 
acetic acid decreased, and then significantly increased from 2000 mg/L to 5000 mg/L 
when biogas significantly increased to 1.0 L/Ld
-1
. Nevertheless, recovery after the 
washing method was more efficient than by dilution and controlling the FA concentration. 
While the increase in the propionate concentration was delayed, it slowly returned to a 
level of 2000 mg/l, indicating the syntrophic bacteria degrading propionate were the 
slowest growing and the last microorganisms to recover. This is consistent with earlier 
findings that suggested that propionate gave the best indication of when the entire 
process had stabilized (Nielsen & Ahring, 2006). 
Many studies have demonstrated the inhibitory effects of free ammonia (FA) on 
methanogens. It has been determined to be the cause of inhibition since it leads to a 
supression of methane formation during the process. An FA concentration of 700-1100 
mg/L has been shown to trigger inhibition under a wide of pH range for many kinds of 
substrate (Angelidaki & Ahring, 1993; Hansen et al., 1998). However, in several of the 
earlier studies based on pure culture with lower pH (6.5-7.0) indicated possibility that the 
total ammonia nitrogin (TAN) or NH4
+
 ion can reach toxic levels before the FA 
concentration become toxic (Jarrell et al., 1987; Sprott & Patel, 1986). Only a few of the 
provious studies have indicated that ammonia inhibition involves the diffusion of free 
ammonia (FA) through cell membranes and sequentially intra-cell accumulation with 
parts of NH3 converted into NH4
+
, causing a pH difference between the intra-cell and 
extra-cell which change of the intracellular pH, increase of maintenance energy 
requirement and inhibiting species enzyme reactions (Kadam & Boone, 1996; Kayhanian, 
1999). The ammonia buffering system increased the pH stability even after significant 
VFA accumulation and formed a steady inhibition stage. 
After successful recovery, the methane production was 0.5 m
3
/kg VS, which appeased 
a much higher inhibition stage. The recovery process illustrated that even after suffering 
serious ammonia inhibition. The process still can be recovered with methanogens gaining 
a high tolerance of ammonia. This study illustrated that the initial inhibition of the FA 
concentration was more sensitive for methanogen recovery than the TAN initiated 
inhibition. When TAN was diluted to the initial inhibition value of lower than 4000 mg/L, 




15 days as the biogas production rate increased sharply. From day 363, a reactor feed 
with 5%TS CM was used since the recovery conditions was good. And to obtain a high 
biogas production of 0.7 L/g-VSin the VFA concentration was maintained below 4000 
mg/L. Following the recovery time, VFA was consumed and stayed at a lower level than 
that in both the steady stage and inhibition stage.  
This recovery study illustrated that ammonia inhibition was a synthetic action between 
TAN and FA, not only does FA affect methane fermentation, but TAN concentrations do 
as well. Dilution and the washing strategy were shown to be feasiblee methods for the 
recovery of seriously inhibited processes, even when TAN is over 16000 mg/L.    
4.5 Microbial community shifts during steady, inhibited, and recovered stages  
4.5.1 Archaeal community shifts during the different stages 
16S rDNA cloning and TRFLP were used to detect Bacterial and Archaeal community 
shifts in the mesophilic methane fermentation of CM (10% TS) over a wide range of 
ammonia. The Bacterial and Archaeal proportion shifted significantly with VFA 
accumulation and biogas production following TAN variation. While Aceticlastic 
Methanosaeta was 2% in the steady stage, it was 5% in the inhibition stage at a high 
TAN and VFA concentration. Aceticlastic Methanosarcina acetivorans increased from 
17% to 72% in the recovered stage. Hydrogenotrophic Methanoculleus bourgensis MS2 
increased from 2% in the steady stage to 30% in the inhibition stage and decreased to 
13% in the recovered stage according to the resilience of performance. The dominant 
phylum of Firmicutes was 74% and 92% with and without inhibition and 58% in the 
recovery stage. Bacteroidetes decreased from 17% in the steady stage to 4% in the 
inhibition stage and thrived to 31% in the recovered stage. The results reveals that TAN 
has an obvious effect on the microbial community dynamics. A recoverable shifted 
archaeal and chaotic shifted bacteria communities with functional stability were observed 
in the mesophilic reactor.  
The archaeal community shift was revealed before and after ammonia inhibition even 
after recovery by TRFLP combined with cloning. A cloning analysis of archaeal 
community of samples taken at day 35, day180, day 300 and day 350 was performed, and 
a TRFLP analysis was done for all samples taken at day 35, day 300 ,day 320, day350 




bacterial community analysis. The cloning analysis results of archaea are summarized in 
Table 4-4.  
 
Fig. 4-6 Reactor performance following the operation time course and microbial 
community analysis sampling 
In the sample at day 35 from the reactor fed with ammonia stripping CM, 4 OTUs 
were detected among 48 clones and aceticlastic Methanosarcina sp. (Methaneoscrcina 
mazei GO1 and Methaneoscrcina acetivorans C2A) were the dominant methanogens in 
the reactor. In sampling at day 180 from the reactor fed with raw CM with TAN 
concentrations increased from 2000 mg/L to 5000 mg/L, hydrogenotrophic 




mariisnigri JR1) increased from 2% to 50% in the reactor. 











NC_003901.1 Methanosarcina mazei Go1 1 38 99% Aceticlastic  
NC_003552.1 Methanosarcina acetivorans C2A 1 8 99% Aceticlastic  
NC_015416.1 Methanosaeta concilii GP6 1 1 97% Aceticlastic  
NC_018227.1 Methanoculleus bourgensis MS2 1 1 99% Hydrogenthrophic 
180d 
NC_003901.1 Methanosarcina mazei Go1  2 11 99% Aceticlastic  
NC_018227.1 Methanoculleus marisnigri JR1 2 16 99% Hydrogenthrophic 
NC_018227.1 Methanoculleus bourgensis MS2 1 4 97% Hydrogenthrophic 
NC_013926.1 Aciduliprofundum boonei T469  3 9 85%   
300d 
NC_003552.1 Methanosarcina acetivorans C2A 1 13 98% Aceticlastic  
NC_007355.1 Methanosarcina barkeri str 1 2 98% Aceticlastic  
NC_018227.1 Methanoculleus bourgensis MS2 1 13 99% Hydrogenthrophic 
NC_009051.1 Methanoculleus marisnigri JR1  1 1 98% Hydrogenthrophic 
NC_015574.1 Methanobacterium sp. SWAN-1 1 1 98% Hydrogenthrophic 
NC_007796.1 Methanospirillum hungatei JF-1  1 1 95% Hydrogenthrophic 
NC_019942.1 Aciduliprofundum sp. MAR08-339 1 11 82%   
NC_002689.2 Thermoplasma volcanium GSS1 1 1 80%   
350d 
NC_003552.1 Methanosarcina acetivorans C2A  2 26 98% Aceticlastic  






NC_015574.1 Methanobacterium sp. SWAN-1 1 1 89% Methylotrophic 
NC_019942.1 Aciduliprofundum sp. MAR08-339 1 5 82%   
 Function Neglected 
Table 4-5 summaries the index of archaeal community diversities at a distance of 0.01 
and 0.03. How the diversity and dynamics of communities contribute to ecosystem 
stability is a contentious and evolving issue (McCann, 2000). Moreover, the applicability 
of certain classical tenets in ecological theory (e.g.trophic cascades) to microbial 
communities appears to be doubtful in certain ecosystems (Pace et al., 1999; Setala, 
2002). Investigation linking microbial community dynamics to process stability deals 
with basic ecological issues. In order to better understand the sustainability of an 




Chao, Shannon and Evens were calculated with the software of Mouth as referred before. 
Mesophilic reactor in the distance of 0.03 at the stage of recovery has the highest Chao of 
18 and 31 at the distance of 0.01 levels. However the highest Shannon was observed in 
the steady stage1.75. While feeding with ammonia stripping CM the Shannoneven 0.36 
which is lower than that of feeding with raw CM 0.84. In inhibition stage the 
shannoneven as 0.76 which is lower than that of steady stage. Interestingly, the recovery 
stage has the highest Chao but not the biggest Shannoneven among the stages. While 
feeding with ammonia stripping CM, the Simpson has the highest compared with the 
lowest in steady stage sampling at 180. The high diversity and high even are suggested to 
be keeping a sustainable stability.  










Distance 0.03 0.01 0.02 0.01 0.03 0.01 0.03 0.01 
Chao 12.00  15.50  9.00  15.33  9.00  11.00  18.00  31.00  
Shannon 0.65  0.79  1.75  2.10  1.37  1.63  1.09  1.24  
Shannoneven 0.36  0.38  0.84  0.85  0.76  0.78  0.52  0.54  
Simpson 0.72  0.68  0.19  0.14  0.28  0.22  0.51  0.48  
Simpsoneven 0.23  0.18  0.64  0.60  0.60  0.57  0.24  0.21  
Coverage 0.91  0.87  0.95  0.88  0.91  0.88  0.89  0.84  
Bootstrap 7.50  10.31  8.86  14.17  7.09  9.58  9.87  12.61  
Sobs 6.00  8.00  8.00  12.00  6.00  8.00  8.00  10.00  
Invsimpson 1.39  1.47  5.13  7.22  3.62  4.52  1.94  2.09  
Bergerparker 0.85  0.83  0.33  0.25  0.41  0.35  0.71  0.69  
 
In this stage with ammonia concentration over 5000 mg/L, Methanosaeta was not 
encountered, whereas 2% was detected at day 35 with low ammonia concentration 
feeding with ammonia stripped CM. While sampling at day 300 with 8 OTUs 
encountered among 48 clones, at a TAN concentration of 15000 mg/L and VFA 16000 
mg/L, biogas production almost ceased, and aceticlastic Methanosarcina sp. was 72% 
lower than it was during the steady stage at day35. After serious inhibition, the reactor 
was recovered by dilution and washing. After 50days recovery, the amount of biogas was 




cloning results showed that Methanosarcina sp.( Methaneoscrcina acetivorans C2A with 
a similarity of 98%) thrived at 72%, much higher than the inhibition stage. 
 
Fig. 4-7 Archaeal community dominates population shifts following operation 





Fig. 4-8 phylogenetic tree of archaeal community feed with ammonia stripping 
CM (a) , feed with raw CM (b), artificially added NH4HCO3 with raw CM (c) and 
after process recovery (d). 
Also, the hydrogenotrophic Methanoculleus and Methaobacterium accounted for 8% 
and 3% with similarities of 100% and 83%, respectively. It is worth mentioning that in 
the recovery stage, 3% of Methahalobium with a similarity of 89% was detected. The 
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cloning data of the community was demonstrated convincingly by TRFLP results, as 
shown in Fig. 4-7. At a TAN concentration of 8000 mg/L and a VFA concentration of 
6000 mg/L, approximately 30% of the population was aceticlastic Methanosata, along 
with 29% aceticlastic Methanosarcina and 29% hydrogenotrophic Methanoculleus. On 
the other hand, in samples taken at day 300 at a high TAN of 16000 mg/L and a VFA of 
15000 mg/L, the aceticlastic Methanosata, the population of Archaea was below 3%, 
while the population of aceticlastic Methanosarcina was 39%.Sampling at day 320, with 
feeding ceased and two times dilution, the biogas production increased at a lower TAN of 
8000 mg/L. The archaeal community changed significantly,from a population of 35% 
aceticlastic Methanosata and less than 7% aceticlastic Methanosarcina. After two times 
washing, sampling at day 350 with a TAN of 4000 mg/L, the population of aceticlastic 
Methanosarcina was 40% and the population of aceticlastic Methanosata was 8%, with 
about 36% hydrogenotrophic methanogens. After feeding with 5%TS of CM, sampling at 
day 380 revealed a community shift of 50% population of aceticlastic methanogens (15% 
Methanosata of 35% of Methanosarcina).  
The lack of aceticlastic methanogen proves that the VFA accumulation involved is 
largely acetic acid accumulation, as shown in Fig. 4-6. The assumption that 
acetate-utilizing methanogens is the rate limiting step was consistent with the results in 
this study. Phylogenetic trees were created by MEGA (v.5) in order to compare the 
methanogen species present in the different samples. Fig. 4-8 shows the phylogenetic tree 
of archaeal community with (a feed with ammonia stripping CM) and (b feed with raw 
CM), without inhibition (c) and after recovery (d).  
4.5.2 Bacterial community shifts during the different stages 
A summary of the bacterial community is provided for the steady stage and inhibition 
stage in Fig. 4-9, and that for the recovered stage is shown in Fig. 4-10. Results indicate 
the dominant phylogenetic group Firmicute occupied 74% and Actinobacteria (2%), 
Bacteroidetes (17%), Proteobacteria (3%) and Spirochaeres at day 35. While at day 300 
with ammonia inhibition, the phylogenetic group Firmicute represented 92% and 
Bacteroidetes (4%) and Proteobacteria (4%) were observed with fewer phylogenetic 
groups and main compositions which differed from the stable stage. In the recovery 





Fig. 4-9 Bacterial community shifts in the steady stage and the seriously inhibited 
stage. 
Total clones: 138 
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Total clones: 125 





















Fig. 4-10 Bacterial community shift in the recovered reactor after diluting and 
washing. 
Actinobacteria (2%), Bacteroidetes (29%), Proteobacteria (2%) and Spirochaeres (3%).  
Fig.4-9 shows the evolution of diversity analysis by construct rarefaction curves. The 
size of the cloning library is large enough judging from the C, D index and H which were 
0.95, 2.31,158 and 0.95, 1.96, 97, respectively. As seen in Table 4-6, the diversity index 
indicates the three stages of community.  Firmicutes accounts for 92% in the inhibition 




































































Ruminococcus champanellensis type strain
Ethanoligenens harbinense



































































Total clones: 149 

















explain why Firmicutes can produce endospores which can resist dehydration and 
extreme environments even at a high ammonia concentration of 16000 mg/L and when 
FVA reached 1500 mg/L. An amount of particular Firmicutes functions to support 
hydrolysis in the bioprocess, by producing extracellular hydrolytic enzymes that break 
down the complex organic matters into particles of soluble organics. It should be noted, 
however, that there were only 4% of proteobacteria and 4% of bacteroidetes in the 
inhibition stage, with lower biodiversity, and a diversity index of Chao 105 compared 
with 109 in steady stage (see table 4-5). In the steady stage, 1.4% was proteobacteria and 
8.7% was bacteroidetes, 1.4% was Spirochaetes, 0.7% was Actinobacteria and 0.7% 
wasFusobacteria. In the recovered reactor, the breakdown was as follows: 0.034% 
Spirochaetes, 0.02% Verrucomicrobia, and 1.34% candidate division WWE1 and 2.0% 
Tenericutes, 0.67% of Cyanobacteria and 2.01% Proteobacteria. The expected OTUs of 
steady stage, inhibition stage, and recovery stage (Fig.6) illustrated the maximum 
diversity. Recovery stage owning the highest OUTs over 140, compared with 90 and 70 
in inhibition stage and steady stage, respectively. 
In our study, high ammonia threshold were found with TAN over than 15000 mg/L. It 
was also found out that anaerobic sludge with higher ammonia nitrogen concentration 
(4200 m g/L) tolerates even concentration of volatile fatty acids (160 mmol/L) which 
causes inhibition of the process with low ammonia nitrogen concentration (200 mg/L) 
(Prochazka et al., 2012). It revealed a 50% inhibition during 3000 mg/l to3700 mg/l of 
ammonia (equivalent to 220 mg/l to 280 mg/l free NH3) at 37 °C and 3400 mg/l to 500 
mg/l ammonia (equivalent to 690 mg/l and 680 mg/l free NH3) at 55 °C in glucose 
fermentation (Gallert & Winter, 1997). 
Between the two distinct methanogenesis groups, aceticlastic methanogen were much 
more sensitive than hydrogenotrophic methanogens in most cases (Angelidaki & Ahring, 
1993). Aceticlastic methanogens have been shown to be responsible for approximately 
70% of the methane produced in a biogas reactor (Ahring et al., 1995). The population of 
methanogens has a close relationship with the growth rate. The family Methanosaetaceae 
has a high affinity for acetate accompanied with a relatively low growth rate while the 
family Methanosarcinaceae has a much lower substrate affinity but a higher growth rate. 
The maximum growth rate (μm) observed varied between 0·0046 and 0·0000 h
−1




culture within ammonia concentrations varying between 0·55 and 0·74 mol/liter (9350 
mg/L to 12580 mg/L) (Hunik et al., 1990). However, Hydrogenotrophic population 
present in sludge from an industrial anaerobic wastewater treatment system appeared to 
be 0.126 h
-1
 at pH=7 and 37°C. At 350 mM ammonia the maximum growth rate had 
decreased to almost half that value (Koster & Koomen, 1988). The growth analyses of 
Methanosarcina mazei Go1 demonstrated a lower growth rate of μm= 0.02 h
−1
 (Ehlers et 
al., 2011). On the other hand, hydrogenotrophic Methanobacterium formicicum was 
reported to be partly inhibited at a TAN concentration of 3000 mg/L at pH 7.1, while 
completely inhibited at 4000 mg/L (Hobson & Shaw, 1976). Methanoculleus marisnigri 
JR1 with μm= 0.05 h
−1 
at pH 5 with 100 mM formed, as reported by (Maestrojuan et al., 
1990), with ammonia inhibition in the reactor causing a rapid reduction in the number of 
methanogens. Similar results were reported by Angenent (Angenent et al., 2002), who 
founds that the aceticlastic Methanosarcina decreased from 3.8% to 1.2% while 
Methanosaeta concilii remained below 2.2%. In another study, Methanomicrobiales 
increased from 2.3% to 7% at a TAN of 3600 mg/L (Angenent et al., 2002). The 
hydrogenotrophic methanogens are more tolerant and have a higher propensity to grow 
than aceticlastic methanogens. Hydrogenotrophic methanogens had a high growth rate 
than acetoclastic methanogens, which may explained the dominate methanogens 
dynamic. 
With high ammonia concentration, the diversity of archaeal community firstly 
increased and then decreased in the inhibition stage. In the recovered stage (Table 4-6) 
the community diversity richness Chao index increased from 12 to 18 and the 
Shannoneven index was 0.52 in the recovered stage, which is higher than in the steady 
stage. In the groups of bacteria, Clostridiales genomosp is a special strain with ubiquitin 
and ubiquitin-like proteins (Ubls) which has been suggested that Ub-protein modification 
evolved from prokaryotic sulfur transfer systems (Schwarz et al., 2009). Clostridium 
stercorarium subsp. can produce the hydrolysis enzyme xylan, which is a complete set of 
enzymes capable of hydrolyzing organic matter, but only 3 clones were detected in the 
steady stage. Clostridium clariflavum sp. encountered in steady stage (3 clones) and in 
the recovered stage (3 clones), respectively, which is a cellulose degrading bacteria with 




the major end productions of fermentation being ethanol, acetate, CO2 and H2, and even 
minor quantities of lactate and format (Warnick et al., 2002). There were 5 clones 
detected in the steady and 2 clones inhibition stages, but none were detected in the 
recovery stage. Clostridium thermocellum has a strong ability to depredate the cellulose 
to hydrogen and CO2 (Roberts et al., 2010), 5 clones, 2 clones and 8 clones were 
encountered in 3 stages, respectively. As (Chassard et al., 2012) reported, Ruminococcus 
champanellensis degrades microcrystalline cellulose by utilizing the soluble sugar with 
major end productions of acetate and succinate. Only one clone was detected in steady 
and recovered stage, respectively. As Mesbah et al.(2007) reported, Natranaerobius 
thermophiles utilizes fructose, cellobiose, ribose, trehalose, trimethylamine, pyruvate, 
casamino acids, xylose and peptone as carbon and energy sources with 3 clones and 7 
clones detected in the steady stage and inhibition stage, but none were encountered in the 
recovery stage. 










Distance 0.03 0.01 0.02 0.01 0.03 0.01 0.03 0.01 
Bacteria 
Chao 109.43  188.60  ng ng 105.11  132.11  282.63  306.00  
Shannon 2.58  2.67  ng ng 3.41  3.47  3.93  4.03  
Shannoneven 0.69  0.69  ng ng 0.87  0.87  0.91  0.92  
Simpson 0.21  0.21  ng ng 0.06  0.06  0.03  0.02  
Simpsoneven 0.11  0.10  ng ng 0.35  0.33  0.49  0.50  
Coverage 0.76  0.71  ng ng 0.70  0.65  0.57  0.53  
Bootstrap 55.23  62.56  ng ng 63.03  69.13  98.42  106.78  
Sobs 43.00  48.00  ng ng 50.00  54.00  76.00  82.00  
Invsimpson 4.75  4.81  ng ng 17.56  17.89  37.17  40.80  
Npshannon 3.09  3.26  ng ng 3.88  4.01  4.50  4.69  
Bergerparker 0.45  0.45  ng ng 0.21  0.21  0.13  0.13  
Thermoanaerobacter wiegelii are capable of fermenting a wide variety of mono-, di-, 
and polysaccharides with ethanol, acetate, lactate, propionate, and hydrogen as the end 
products. Sugar alcohols were also fermented, but organic acids and amino acids were 
not utilized (Cook et al., 1996). In the reactor, there were 6 clones and 3clones detected 
in steady and inhibition stage. There were 2 clones, 3 clones and 1 clone of Alkaliphilus 





Fig. 4-11 Estimation of microbial diversity in the reactor with cumulated identical 




This bacteria is able to use arsenate and thiosulfate as terminal electron acceptors with 
acetate, pyruvate, formate, lactate, fumarate, glycerol, or fructose as the electron donor, 
in effect  fermenting lactate via the acrylate pathway, and also fermenting fructose and 
glycerol in the same manner (Fisher et al., 2008). Xing et al. (2006) reported the 
Ethanoligenens harbinense is capable of fermenting many kinds of mono-, di-, and 
oligosaccharides and producing acetate, ethanol, H2 and CO2. Two clones and 1 clone 
were detected in the inhibition and recovered stage.  
Moorella thermoacetica is an important acetogenic bacterium with acetyl coenzyme. 
It has (acetyl-CoA) or a Wood–ljungdahl pathway, which is a metabolic pathway that (i) 
autotrophically assimilates CO2 and (ii) is centrally important to the turnover of carbon in 
many habitats (Drake & Daniel, 2004). Twelve clones and 28 clones were encountered in 
steady and inhibition stage, yet none were detected in the recovered stage.  
In the Firmicute phylum, Clostridiales genomo sp. occupied 69 clones (51.1%), 10 
clones (8%) and 5 clones (3.3%) in the steady stage, inhibition stage and recovered stage, 
respectively. However, there were 4 clones of Closdium cellulolyticum and 5 clones of 
Clostridium difficult and 12 clones of Clostridium saccharolyticum encounhetered in the 
recovered stage which were not features of the other two stages with a similar 
contribution of hydrolysis (Kopke et al., 2010) (Murray et al., 1982). There were also 10 
clones of Clostridium lijungdahlii with homoacetogen functionality, able to ferment the 
sugars, other organic compounds and convert CO2 and H2 to acetic acid (Higashide et al., 
2012). Similar result of carbon hydrolysis were reported that suppressed more by 
ammonium in the acidogenesis phase than in the acidogenesis/methanogenesis period of 
a single-stage anaerobic digestion. (Lu et al., 2007). Werner et al.(2011) reported that 
microbial communities with greater evenness had a higher methanogenic activity. 
However, in our experiment (Fig. 4-11 and Table 4-6), this conclusion could not be 
drawn. Instead, it was found that with higher methanogenic activity in the recovered 
stage, a higher evenness resulted both in archaeal community and bacterial community. 
The chaotic shifts of the bacterial community with the parallel metabolism of hydrolysis, 
acidogenesis and acetogenesis provided the process with a strong resilience even after 




4.6 Conclusions  
1). Aceticlastic Methanosarcina sp. was the dominant methanogen with a TAN 
concentration below 5000 mg/L. Hydrogenotrophic Methanoculleus sp. 
increased from 2% to 50% (10% Methanoculleus bourgensis MS2 and 40% 
Methanoculleus mariisnigri JR1) following the increase in TAN. After 
recovering from serious inhibition, aceticlastic Methanosarcina sp. was shown 
thrived, accounting for 72% of the population. Archaea was shown to have a 
strong resilience in both community structure and function.  
2). The dominate phylum of Firmicutes following the three stages were 74%, 92% 
and 60%, respectively. A higher diversity and a chaotic shift were found in the 
recovered stage with functional resilience even with a TAN concentration over 
16000 mg/L. Acidogenic bacteria, Solitalea Canadensis, accounted for 17.4% of 
the population in the recovered stage with a higher percentage than the other 
stages. 
3). The feasibility of mesophilic fermentation with high solid of CM was 
established at TAN lower than 5000 mg/L. VFA accumulation responding to 
ammonia with TAN varies from 5000 mg/L to 10000 mg/L. The interactive 
inhibition of VFA and TAN caused the process failure. 
4). Model simulations determined the different tolerance of hydrolysis, 
acidogenesis and methanogenesis. The ammonia inhibition threshold was 
extended to 15000 mg/L. Successfully recovery was proved from a seriously 
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Chapter 5 Comparison of process resilience and the microbial community dynamic 
 
 
5.1 Comparison of the performance in the two reactors 
5.2 Ammonia inhibition and inhibition recovery 
5.3 Archaeal community dynamics response to the inhibitors 
5.4 Bacterial community dynamics response to the inhibitors 









While methane fermentation is the most successful bioenergy treatment for chicken 
manure, the relationship between operational performance and the dynamic transition of 
the archaeal and bacterial communities remains poorly understood. We evaluted the 
relationship between the microbial community structure, the bioreactor performance and 
inhibitors (i.e., ammonia,VFA) over a yearlong operation with multi-stage samplings 
from both of the two reactors. The tolerence of thermophilic reactors on TAN was found 
to be 8000 mg/L (FA 2000 mg/L) compared to 16000 mg/L (FA 1500 mg/L) of 
mesophilic reactor. Biomethane production were 0.29 L/gVSin in steady stage and 
decreased following TAN increased. The microbial community dynamic were 
significantly different in the two reactor with performance variables: methanogenic 
activity and substrate removal efficiency, both of which were correlated with community 
evenness and phylogenetic structure. The archaeal community shifts were resilient even 
after serious inhibition in both reactors. Obvious dymanic in the bacterial community 






The treatment of chicken manure (CM) by methane fermentation has become 
increasingly common, as an essential component in the global quest for sustainable 
energy sources which stabilize waste and minimize the impact on the environment and 
ecological system (Angenent et al., 2004; Niu et al., 2013b). In practice, even with better 
reduction of volatile solids and the deactivation of pathogens, thermophilic digestion is 
much more sensitive to environmental perturbations than mesophilic digestion (Pender et 
al., 2004). It must be remembered that CM has high nitrogen content due to uric acid and 
protein, both of which are degraded to ammonia. The total ammonia (TAN) contents 
NH4
+
and free ammonia (FA). FA has been shown to be pH, temperature and TAN 
dependent and is known to be a significant cause of inhibition due to its inactive enzymes 
and affects the transportation of the materials (Kadam & Boone, 1996). 
The efficient and stable operation of methane fermentation relies on syntrophic 
relationships among a community of microbes, including fermenting bacteria, specialized 
acidogenic and acetogenic syntrophs, and methanogenic archaeas with diverse and 
parallel pathways for substrate metabolism (Briones & Raskin, 2003). Difference 
microoragnics have different tolerence on the inhibitors, methane fermentation reactors 
are maintained by the relationships between performance and operating parameters. 
However, differences underlying bioreactors that perform well and bioreactors that 
perform inadequately under inhibitors are often poorly understood. Understanding both 
the community structure and ecology feeding with high ammonia content substrate is 
essential to the control of the reactor. Moreover, the dynamic transition of microbial 
communities with functional resilience has been seldom investigated. Previous 
researchers have observed stable community structures in functionally stable (LaPara et 
al., 2002) and unstable (Goberna et al., 2009) bioreactors in lab-scale systems, and 
microbial community shifts that could be explained by reactor conditions (McMahon et 
al., 2001). Fernandez et al.(1999) explained the chaotic community shifts in functionally 
stable bioreactors, and Werner et al.(2011) was able to establish the full-scale community 
by sampling over a long period of time. Indeed, ammonia overloaded methane 




5.2 Comparison of the performance in the two reactor 
To be useful in the process operation, a microbial community must have a stable 
metabolic function over time. We focus on two factors of the performance bio-methane 
production rate and COD remove efficiency combined with three ecological factors that 
play important roles in maintaining a stable and robust community function: functional 
diversity, evenness in the structure of microbial diversity, and resilience in both the 
archaeal community and bacterial community.  
 
Fig. 5-1 Performance of the reactor following operation time 
Fig. 5-1 represents changes in methane production, VFA accumulation and pH 
variations in the thermophilic and mesophilic fermentation reactors during the course of 






































































































day 75 at 0.25 LCH4/gVSin while feeding with ammonia stripped chicken manure (Table 
5-1). It was also found that over 70 % of the initial TCOD removal efficiency was 
achieved in both reactors, and that TAN is lower than 3500 mg/L. The start-up term of 
the mesophilic reactor was shorter (at 32 days) than the thermophilic reactor (at 35 days) 
to realize the steady stage. The raw CM was fed since from day 51 to investigate the 
effect of ammonia on CM fermentation. At day 76, VFA accumulation was started in the 
thermophilic reactor but not the mesophilic reactor. Meanwhile, the methane production 
rate in the thermophilic reactor decreased to 0.13 L/gVSin, which is 35% lower than that 
of the mesophilic reactor. 
Table 5-1 Summary of the performance in the reactors 








30-75d 76-200d 201-259d 260-314d 315-359d 360d-400d 
T-COD (mg/L) 80000 10000 11000 11000 - 55000 
pH - 8.1 8.15 8.25 8.0→8.2 - 7.8 
T-COD removal (%) 68 60 55 20→0 - 70 
Protein removal (%) 55 30 18 10→0 - 60 
Carbohydrate removal  (%) 85 75 60 40→00 - 86 
TAN (mg/L) 2300 5000 8000 10000→15000 - 4000 
FA (mg/L) 280 800 1200 800-3200 - 300 








30-75d 76-120d 120-160d 161-200d 200-240d 280-325d 
T-COD removal (%) 66.6 55 39 26 <19.0 10 
Protein removal  (%) 36 21 12 14 3.0-10.0 - 
Carbohydrate removal  (%) 82.1 77 71 67 59 - 
TAN (mg/L) 2830 3700 5170 6000 7000-9000 3500 
FA (mg/L) 952 1798 2379 2118 2500 1500 
 CM*: ammonia stripping CM 
After the TAN concentration increased from 3500 mg/L to 4000 mg/L, the methane 
production rate decreased to 0.08 L/gVSin in the thermophilic reactor, which is less than 
half that of the steady stage feeding with ammonia stripped CM. The protein removal 
efficiency decreased sharply from 40 % to 20 % (see the supplement materials in Fig.s1). 
While the TAN concentration varied between 4000 mg/L to 6000 mg/L, an inhibited 
steady stage was found with an average methane production rate of 0.070 L/gVSin. A 
similar inhibition steady stage was reported by (Hansen et al., 1998) in their work on the 
fermentation of swine manure. At day 200, NH4HCO3 was artificially added in order to 




microbial community. With acclimation to ammonia, the mesophilic reactor can afford an 
ammonia concentration over 12000 mg/L with a stable methane production rate, whereas 
the thermophilic reactor could tolerate only a concentration of 6000 mg/L with the loss of 
about half the methane production activity. As previously reported by our group (Niu et 
al., 2013b), the ammonia threshold in the mesophilic fermentation of CM was higher 
than that reported in the literature. While both reactors were subject to a recovery 
strategy involving dilution and washing, the mesophilic reactor was shown to be 
functionally resilient in terms of bio-methane production activity, but the thermophilic 
reactor was not. 
 
Fig. 5-2 Effects of ammonia inhibition on individual VFA and simulation curve in 
the mesophilic and thermophilic reactors. 


































Total AS HAc （ P 31483.45364 2723.92972
Total AS HAc （ R 8.25296 1.01818












Total AS HAc （ P 14895.37855 865.19401
Total AS HAc （ R 2.1152 0.22329
Total AS HAc （ A 4956.01976 294.56583
 

































Total AS HAc （ P 24026.18239 2782.91633
Total AS HAc （ R 34.45603 8.78917













Total AS HAc （ P 14900.58784 828.57736
Total AS HAc （ R 10.57174 1.03551

























































































































































































































































































































































































































































































































In both of the reactors, acetate was the most abundant of the acidogenic products, 
followed by propionate (see Fig. 5-2). This phenomenon may be attributed to the high 
uric acid content in CM, which can be easily degraded into acetic acid and ammonia. 
Under methanogenic conditions, however, propionate oxidation is only energetically 
possible via the syntrophic reactions of acetogenic bacteria and methanogens (Stams et 
al., 1998). The degradation of propionate in both the mesophilic and thermophilic 
reactors without inhibition was found to be almost complete below TAN of 5000 mg/L 
(Fig. 5-2), indicating the establishment of active propionate-utilizing syntrophic consortia. 
However, it became clear that inhibition was in accordance with the increase of TAN. All 
individual VFAs other than acetate, including propionate, remained at 1500 mg/L or less 
throughout the operation in both the thermophilic and mesophilic reactors. 
Correspondingly, although methane production was detected, at 0.08 L/gVS, it was not 
conspicuous compared to that at the steady stage below a TAN of 6000 mg/L. The results 
of R
2 
for simulation curves (Fig. 5-2.) were 0.88, 0.90 for TAN and 0.75, 0.91 for FA in 
theomorphic and mesophilic reactors, respectively. The initial thresholds of significant 
VFA accumulation were 4000 mg/L in the thermophilic reactor, and 5000 mg/L in the 
mesophilic reactor. Significant FA effects were observed at a threshold of 1000 mg/L and 
2000 mg/L in the mesophilic and thermophilic reactors, revealing that the thermophilic 
reactor can tolerate a higher FA than the mesophilic reactor. 
 
 




































Fig. 5-3 illustrated that with low TS feeding even with high removal efficiency, the by 
production of ammonia still below the initial inhibition concentration of ammonia. 
Especially for TS 10% to 15% which can be keep a safe area for methane fermentation. 
However for dry fermentation with TS of 20%, only lower than 30% of removal 
efficiency can keep the stability of process. 10% of TS feeding are the best choice for the 
engineering application for chicken manure.  
5.3 Ammonia inhibition and inhibition recovery 
A variety of inorganic and organic wastes can cause toxicity in methane fermentation. 
Toxic substances causing inhibition on methane fermentation may be by the influent 
waste stream or by-products of the anaerobic microorganism. Although ranges of values 
exist at which toxicity occurs for specific organic and inorganic compounds, anaerobic 
bacteria and methanogens often can tolerate higher values by acclimating to toxic 
substances. Toxicity threshold of a substance is determined by several factors including. 
The ability of the bacteria is adapted to a constant concentration of the toxic substance.  
CM is one of the high org-N content organic matters. Ammonia is produced through 
the degradation of the nitrogenous matter present in the feedstock; mostly in the form of 
proteins (Kayhanian et al, 1999; Kotsyurbenko et al., 2004). In general, ammonia 
nitrogen is essential for bacterial growth: according to McCarty (1964) ammonia 
concentrations between 50 and 200 mg l-1 have a beneficial effect on anaerobic 
processes. At higher concentrations, however, ammonia is inhibitory to methanogenesis 
Ammonia was considered as the major inhibitor in the process of anaerobic digestion. 
Unfavorable reaction conditions in methane fermentation reactors, such as temporal 
overloading, a decreasing pH, the presence of inhibitors and high ammonia 
concentrations make apparent the bottleneck reactions of methanogenesis. They may lead 
to a failure of methane production and to an accumulation of fatty acids and hydrogen 
(Bryant 1979; Winter 1984). Inhibitory compounds, for instance, may interfere with 
metabolic enzymes of one or more members of a trophic group, or with the energy 
metabolism by uncoupling of growth and ATP production, or with cell membranes, 
creating intracellular changes of the pH or the salt concentration (Erickson & Fung, 
1989). 




ammonia concentration higher than 4000 mg/L. An ammonia concentration of 4000 
mg/L was shown to be inhibitory during digestion of cattle manure (Angelidaki & 
Ahring, 1993). For undated methanogenic cultures, ammonia inhibition has been 
observed to commence at concentrations of 15000-25000 mg/L (Hashimoto, 1986). 
However, by adaptation of the biogas process to ammonia, tolerance to 4000 mg/L TAN 
has been demonstrated (Angelidaki & Ahring, 1993). And even higher tolerance was 
even reported with TAN of 16000 mg/L (Niu et al., 2013). 
  













































































  The free ammonia has been suggested to be the active component causing ammonia 
inhibition. At least two possible mechanisms of ammonia toxicity have been postulated:(i) 
un-ionized ammonia could directly inhibit the activity of cytosolic enzymes, or (ii) NH4
+
 
accumulated inside cells might be toxic by its effect on intracellular pH (Sprott et al., 
1984) or the concentration of other cations such as K
+
 (Jarrell et al., 1987). As a 
component of the buffer system in anaerobic reactors, ammonia maintains a high level of 
bicarbonate in the wastewater. Its toxicity seems to be related to the temperature and the 
pH-dependent concentration of FA (Mccarty & Mckinney, 1961). Its toxicity seems to be 
related to the temperature and the pH-dependent concentration of NH3. The anaerobic 
population of wastewater reactors may overcome the inhibitory effects of ammonia by 
acclimation or long-term adaptation. Adaptation requires retention of the biomass in the 
reactors as a fixed film on carrier material or as granules or by sludge recirculation. 
Even though ammonia is an essential nutrient for bacterial growth, it may inhibit 
methanogens and other systaltic bacteria if it is available at high concentrations. 
Ammonium ion (NH4
+
) and free ammonia (aqNH3) are the principal forms of inorganic 
ammonia nitrogen in liquid and a little part of free ammonia were separated into (g 
NH3)(Fig. 5-4). Even as previously report, both NH4
+
 and NH3 forms can directly and 
indirectly cause inhibition in an methane fermentation system. Particularly, free ammonia 
(FA) is a powerful inhibitor in methane fermentation above threshold concentrations. The 
ammonia speciation was showed in the Fig. 5-4. With the background of engineering 
application, Acclimation of methanogenic consortia to high ammonia levels or raising 
ammonia tolerance capacity is a proven useful and economical method for improving the 
methane fermentation process and production of methane from different types of wastes 
(Abouelenien et al., 2009; Angenent et al., 2002). 
However, it should be noted that there were no consistent answers for the dominate 
inhibitor of FA or TAN. FA concentration primarily depends on three parameters such as 
TAN, pH and temperature. In addition, ionic strength is also considered as a significant 
parameter especially for concentrated solutions (Hafner & Bisogni, 2009; Nielsen et al., 
2008). The possible inhibition mechanism ways were given in the Fig. 5-5. In most 
bacteria, proton-trans locating ATPases equilibrate energy in ATP with a proton motive 




energies in the transmembrane pH gradient (△pH) and the transmembrane electrical 
gradient. Most of the energy in the motive force of hydrogen trophic Methanolobus 
taylorii is accounted for by its large electrical gradient (i.e., the outside of the cell is more 
positively charged); its △pH is therefore small or even negative (Ni et al., 1994). One of 
the consequences of a reversed △pH is the accumulation of ammonium in the cytosol. 
Ammonia can enter cells as the un-protonated form (NH3), which diffuses readily across 
the cell membrane, equilibrating the intracellular and extracellular concentrations of NH3 
(Kakinuma & Igarashi, 1995). On the other hand, ammonium (NH4
+
) does not readily 
diffuse through lipid membranes. Although the existence of NH4
+
 permeases has been 
postulated (Bakker, 1993), these could not function in the presence of substantial 
concentrations of ammonia without establishing a futile cycle that would dissipate the 
△pH (Kadam & Boone, 1996).  
 
Fig. 5-5 Model illustrating the two different interactions of ammonia with 
methanogens (ATP production and proton transportation)  
 
The intracellular and extracellular concentrations of NH4
+
 are dependent on 
NH3concentration and the local pH (pKa 5 9.24) (Boussiba, 1989). Thus, cells whose 
intracellular pH is lower than the extracellular pH have an intracellular NH4+ 



























of the un-ionized ammonia could directly inhibit the activity of cytosolic enzymes, or 
NH4
+
 accumulated inside cells might be toxic by its effect on intracellular pH (Sprott et 
al., 1984) or the concentration of other cations such as K
+
. The capability of 
methanogens to maintain trans membrane gradients of various cations has only recently 
been assessed. As in most prokaryotes, K
+ 
is accumulated in the cytoplasm of 
methanogens and Na
+
 extruded, although an accumulation of Na
+
 to several times that in 
the medium can occur in M. thermoautotrophicum and M br.arboriphilus.  Methanogens 
can maintain a fairly constant pH, in response to an imposed pH gradient and have a 
membrane potential with the usual orientation (inside negative).  
 




































































































Provirus result indicated that propionate degrading acetogenic bacteria are more 
sensitive than methanogenic archaea to FA levels (Calli et al., 2005). However, methane 
fermentation process in bioreactors R4 and R5 at pH 8.1 tolerated increments in FA 
concentrations up to 800 mg/L, which showed the existence of propionate degraders 
resistant to high levels of FA (Calli et al., 2005). Calli etal. (2005) suggested that 
aceticlastic species might be more sensitive than hydrogenotrophic species to FA. 
According to Karakashev et al.(2005), Methanosaetaceae species appears to be more 
sensitive among the aceticlastic methanogens to FA accumulations than 
Methasorsarcinaceae, which has been found to be the dominant aceticlastic order at high 
NH3 concentration (4100 mg NH3–N/L). Similar results were obtained by (Calli et al., 
2005).when evaluating the effect of methanogenic diversity in anaerobic digesters fed 
with synthetic wastewater exposed to a gradual increase in NH3 levels (ranging from 
1000 to 6000 mg/L).  
Although, studies have focused on Methanosaetaceae vs. Methasorsarcinaceae 
dominance during high FA concentrations, usually, hydrogenotrophic methanogenesis 
dominates in the AD systems while working with high NH3 levels (Karakashev et al., 
2005; Song et al., 2010). Nevertheless, the impact of NH3 concentration on 
hydrogenotrophic methanogens has been estimated to a lower extent. Wiegant & Zeeman. 
(1986) noticed that Methanosarcina are large spherical cells with more 
volume-to-surface ratio than smaller rod-shaped Methanosaeta, as a result, the diffusion 
of FA will be less into the Methanosarcina than Methanosaeta. Accordingly, the removal 
of NH3 would cost less energy for Methanosarcina. 
Fig. 5-6 illustrated the three steps following dominate microbial community of 
methane fermentation with threshold of ammonia inhibition marked as IC50. Table 5-2 
concluded that the threshold of ammonia inhibition is higher than others comparing with 
the previous research. Table 5-3 summarized the ammonia inhibition threshold of cases 
with artificially ammonia added. To reduce manure impacts on the environment, the 
industry is working on several fronts to encourage better management, find alternative 
treatment methods that offer low-cost solutions, and increase the usefulness of the 
manure by creating value-added products or by recovering energy through anaerobic 




Table 5-2 Comparison of ammonia inhibition in methane fermentation 








(Sung and Liu 2003) 55 soluble nonfat 
drymilk NH4Cl 
CSTR acclimatized - 5770 64 6.4 
(Angelidaki and Ahring 
1994) 
55 cattle manure CSTR acclimatized 600-800 - - 7.4-7.9 
(Borja et al. 1996) 55 cattle manure UASB acclimatized 500 7000 72 - 
(Zeeman et al. 1985) 50 cattle manure CSTR - - 1700 Initial 
inhibition 
- 
(Angelidaki and Ahring 
1993) 
55 cattle manure Continuously 
fed reactor 
- 900 4000 25 - 
(Hansen et al. 1998) 55 swine manure CSTR - 1600   70 7.97 
(Hansen et al. 1999) 60 swine manure CSTR - 2600   96 8.15 
(Kayhanian 1999) 55 OFMSW Complete- 
mix reactor 
- 45 1200 - 7.20 
(Gallert et al. 1998) 55 OFMSW CSTR with 
water recycle 
acclimatized 251 1830 50 -  
This study Hydrolysis  55  chicken manure  CSTR acclimatized 2408 6375 50  7.8-8.3 
This study Acidogenesis  55  chicken manure  CSTR acclimatized 2195 5779 50 7.8-8.3 
Methanogenesis  55  chicken manure  CSTR acclimatized 2076 4918 50 7.8-8.3 
(Climenhaga and Banks 
2008) 
37 foodwaste CSTR - >1000 5700 - >7.5 
(Gallert and Winter 1997) 35 OFMSW CSTR acclimatized 680-690 3400-3500   7.60 
(Gallert and Winter 1997) 37 OFMSW CSTR acclimatized 220-280 3000-3700 50 7.60 
This study Hydrolysis  35  chicken manure  CSTR acclimatized 2200 14300 50  7.8-8.3 
This study Acidogenesis 35  chicken manure  CSTR acclimatized 2300 14600 50 7.8-8.3 
Methanogenesis 35  chicken manure  CSTR acclimatized 1750 10300 50 7.8-8.3 
Table 5-3 The ammonia inhibition threshold of artificially ammonia added cases. 








(Siles et al. 2010) 52 glucose+Na2SO4+ammonia Batch acclimatised 620 - 21 - 
(Liu and Sung 2002) 55 
soluble non fatdry milk 
+NH4Cl 
Batch acclimatised - 1000 100 - 
(Hashimoto 1986) 55 cattle manure + NH4Cl Batch acclimatised - 4000 - 7.2 
(Hansen et al. 1998) 55 swine manure Batch - 110 - - - 




Hydrolysis 55 chicken manure+ NH4HCO3 CSTR acclimatised 2585 8590 90 7.5-8.0 
Acidogenesis, 55 chicken manure+ NH4HCO3 CSTR acclimatised 2647 9402 90 7.5-8.0 
Methanogenesis 55 chicken manure+ NH4HCO3 CSTR acclimatised 2248 8261 90 7.5-8.0 
Hydrolysis 35 chicken manure CSTR acclimatised 3200 15300 90 7.5-8.0 
Acidogenesis 35 chicken manure CSTR acclimatised 3500 15000 90 7.5-8.0 
Methanogenesis 35 chicken manure CSTR acclimatised 1800 13000 90 7.5-8.0 




fermentation can be conducted. Moreover the proposed high solid CM fermentation in 
mesophilic is more sustainable with similarly methane production rate. 
5.4 Archaeal community dynamics response to the inhibitors 
Methanogens are classified into five orders within the domain Archaea, which can 
itself be grouped into two guilds: aceticlastic methanogens and hydrogenotrophic 
methanogens. Methanosaetaceae utilizes only acetate, while Methanosarcinaceae could 
utilize acetate as well as various methyl compounds and hydrogen (Lee et al., 2009). The 
changes in each target group over the entire operation time are shown in Fig. 5-7 for both 
reactors (a- thermophilic, b-mesophilic). The population profiles showed significant 
variations in the proportion of methanogens. The Methanosarcinaceae population 
increased with the degradation of acetate in both of the digesters in the steady stage. 
A multivariate statistical analysis revealed that because both the archaeal and the 
bacterial communities responded to the physicochemical parameters of TAN, VFA and 
FA, the data was suitable for analysis using a canonical correspondence analysis (CCA). 
The CCA graph obtained for the methanogens in the two reactors showed a separation 
and shifts between different stages of archaeal communities. The sample scores (the 
community structure) and environmental variable (arrows) are plotted in Fig. 5-7 (a) and 
(b). While the CCA representation of the environmental parameters showed similar 
trends for TAN, FA and VFA, the samples can be clearly differentiated by the different 
contributions they make at different conditions. The length of the arrow indicates the 
extent to which the community structure with taxa distribution is explained by the 
environmental variable, and the angle between the arrows indicates the degree to which 
the environmental variables are correlated. The first axis of the CCA analysis explained 
61.88 % and 63.29 % of the total variance for archaeal communities in thermophilic and 
mesophilic reactor, respectively. 
The CCA plot showed the shift rate shown in Fig. 5-7 with the identities of principal 
contribution 0.603 for TAN on axis F1 and 0.057 on the axis F2. Similarly, VFA 
contributed 0.538 on axis F1 and -0.128 on F2, FA contributed 0.561on F1 and -0.169 on 
F2. During the startup stage of the thermophilic reactor, chaotic community shifts were 
observed even though the reactor was functionally stable. A similar result was reported 




indicated by the Shannon Weaver index Hdiat 7.76, which decreased to 2.42 in the 
thermophilic reactor. The Simpson index 1/D was 6.49 in the mesophilic reactor, and was 
just 2.25 in the thermophilic reactor. These results are shown in Table 5-4. 
 
Fig. 5-7 Comparison of mesophilic (a) and thermophilic (b) reactor（CCA analysis） 
 
The CCA plot provided a visual image of the shift in the mesophilic archaeal 
community shown in the table 5-5, with 0.344 TAN being the principal contribution on 










































































F1 axis, and -0.061 on F2, while FA contributed 0.383 on F1 and -0.059 on F2. Details 
of the breakdown in the proportion are shown in table 5-9. That is, while the 
acetoclastic and hydrogenotrophic methanogens were present, they played a role by 
un-affecting the functionality of the system. Differences were observed only with 
respect to diversity with changes in the operating ammonia loading. Interestingly, even 
when a similar archaeal community was resilient (Fig. 5-4) in the mesophilic and 
thermophilic reactors, the differences in the functional resilience was evidence that the 
thermophilic reactors requiring significantly more time for recovery. 
In the mesophilic reactor, the sludge population was dominated by acetoclastic 
methanogens like Methanosaetaeceae and Methanosarcinaceae, whereas in the 
thermophilic reactor, only Methanosarcinaceae was the dominant acetoclastic 
methanogen in the steady stage. The Methanosaetaceae and Methanosarecinaceae 
families differ in their physiology, genetics and growth environment with respect to 
acetate concentration. Methanosaetaceae has a high affinity for acetate accompanied 
with a relatively low growth rate while Methanosarcinaceae has a much lower substrate 
affinity but a higher growth rate (Tabatabaei et al., 2009). In the steady stage, in the 
mesophilic reactor, five OTUs were found to be acetoclastic methanogens whereas in 
the thermophilic reactor, only one acetoclastic methanogen was observed. As was the 
case in the thermophilic reactor, the hydrogenotrophic methanogens were dominant, 
suggesting that the hydrogen partial pressure inside the reactor must have been 
favorable for the conversion of propionate and butyrate to acetate. The conversion of 
propionate and butyrate to acetate is controlled by the hydrogen partial pressure and the 
acetate concentration (Lau & Fang, 1997). The lack of diversity in the microbial 
consortia in the thermophilic reactor resulted in a poorer performance than in the 
mesophilic reactor both in the steady stage and inhibition stage. It can be inferred that 
the slower removal of acetate and hydrogen due to a lower abundance of acetoclastic 
and hydrogenotrophic methanogens led to a low removal rate of both propionate and 
butyrate in this reactor. The more diverse methanogenic population in the recovered 
stage resulted in a better removal of both hydrogen and acetate and, thereby, a higher 
degradation rate of VFAs than in the steady stage. Three of the 4 OTUs observed at 




Methanobacteriales. These methanogens are widely found in thermophilic anaerobic 
digesters which have a very high methane production rates with H2/CO2 as substrate 
(Wasserfallen et al., 2000). The general tendency of hydrogenotrophic methanogens to 
dominate under stressed condition has been reported earlier (Angenent et al., 2002), 
indicating that methane is produced mainly via the hydrogenotrophic methanogenesis 
pathway at higher temperatures (55 °C). In contrast, the presence of both acetoclastic as 
well as hydrogenotrophic methanogen in balanced proportions resulted in the better 
performance of the reactor at this temperature. The resilience of the archaeal community 
indicates that the dynamics of the microbial community has a close and strong 
relationship to the functionality of the system. 
5.5 Bacterial community dynamics response to the inhibitors 
A comparison of the cloning library, including the diversity and structure of the clones, 
is shown in Fig. 5-8. The high Chao and Shannon level of the mesophilic recovery stage 
reveals that a robust structure was achieved. Community dynamics in each reactor were 
analyzed in terms of their stage series; the microbial community was separated in based 
on the functional in to hydrolysis (Table 5-4), acidogenesis (Table 5-5) and acetogenesis 
(Table 5-6). The CCA plot shows that all of the initial samples were continuously 
dynamic, with the distance from the initial community sample increasing at successive 
sampling times. As we previously reported, the VFA present in the reactor varied 
significantly with the TAN (Niu et al., 2013b). As shown in Fig. 5-9 (a,b.c.d), the 
community was separated into 3 functional groups: hydrolytic bacteria, acidogenic 
groups and acetogenic groups. In the Venn diagram in Fig. 5-9 (e) at a distance of 0.03 of 
the three stages in mesophilic reactor, it is worth noticing that there are 3 OTUs shared 
among the steady stage, inhibition stage and recovered stage, 6 OTUs shared between the 
steady and inhibition states, 8 OTUs shared between the inhibition and recovered states 
and 11 OTUs shared between the steady and recovered stages. The different OTUs 
illustrated the large distance among the groups under different mesophilic conditions. 
The OTUs between the steady stage and inhibition stage in both the thermophilic and 
mesophilic reactors are shown in Fig. 5-9 (f). There are 5 OTUs shared between the 
steady stages of the thermophilic and mesophilic reactors, and 8 OTUs shared between 




2OTUs were shared between inhibition in the thermophilic reactor, and the steady stage 
in the mesophilic reactor While only 1 OTU was shared between the inhibition stages of 
the mesophilic and thermophilic reactors, 11 OTUs were shared between the steady stage 
and recovered stage, which is more than the 6 OTUs between the inhibition and steady 
stages. Besides the significant dynamics of the microbial community, the Venn diagram 
showed a significant difference between the thermophilic and mesophilic conditions.  
 
 
Fig. 5-8 Phyla in Mesophilic and Thermophilic methane fermentation of CM  
(M1, mesophilic steady stage; M2, mesophilic inhibition stage; M3, mesophilic recovery stage; T1, thermophilic steady stage; 






















































































In the case of bacterial profiles, more diversity was observed in mesophilic reactors. 
The Chao and Simpson indices were 109 and 0.21 compared to 74 and 0.08 in the 
thermophilic reactor during the steady stage, as shown in Table 5-4. However, since 
higher index values were obtained for Shannon, Shanoneven, Simpson even, Invsimpson 
and Npshanon in the thermophilic steady stage than in the mesophilic steady stage, it can 
be concluded that the communities in both types of reactors were stable in the steady 
stage. However, in the steady stage, all of the indices, with the exception of ace (lower) 
and Simpson (equal), were higher in the mesophilic condition than in the thermophilic 
condition. In the recovered stage, however, except for the Simpson and Berger parker 
values, the values were at their highest and were comparable for both reactors. This 
advantage was also noted in the bio methane production rate and for VFA accumulation 
(Fig. 5-1). As indicated in Fig. 5-8, Firmicutes was the dominate phylum in all samples, 
87%, 92%, 57.7%, 84.4% and 94.7%, respectively. Interestingly, since Bacteroidetes was 
detected at over 30% only in the mesophilic recovered stage, it can be deduced that most 
stages were capable of acidogenesis. In the Firmicutes phylum, most of these sequences 
were affiliated with Clostridium sp. Under mesophilic conditions, most of the bacteria 
were hydrolytic (Table 5-3). The dominant Firmicutes phylum accounted for 74% and 
92% with and without inhibition respectively, and 58% in the recovery stage. 
Bacteroidetes decreased from 17% in the steady stage to 4% in the inhibition stage and 
thrived to 31% in the recovered stage. The results reveal that TAN has a profound effect 
on the microbial community shift.  
As previously reported (Niu et al., 2013a), Mahella australiensis, Clostridium 
thermocellum, Clostridium sporogenes, Clostridium clariflavum, Leadbetterella 
byssophila and Cytophaga hutchisonii (Zhu et al., 2010) are able to cause the particulate 
COD of cellulose, starch, lipid and protein to hydrolyze. Mahella australiensis, 
Clostridium thermocellum, Clostridium sporogenes, Clostridium clariflavum, 
Alkaliphilus, Halothermothrix orenii, lactobacillus and Moorella thermoacetica (Jiang et 
al., 2009) result the in acidogenesis of SCOD.  
Two clones, 3 clones and 1 acidogenesis aliphilus oremlandii were detected at the 
steady stage, the inhibition stage, and the recovery stage, respectively. This indicates a 




acceptors with acetate, pyruvate, formate, lactate, fumarate, glycerol, or fructose as the 
electron donors (Fisher et al., 2008). While there were 69, 10 and 7 Clostridiales genomo 
sp. clones in the steady stage inhibition stage and the recovery stage, none were 
encountered in the thermophilic reactor. Clostridium thermocellum produces H2 and 
ethanol, as well as CO2, acetate, formate, and lactate, directly from cellulosic biomass 
(Rydzak et al., 2012). The proportion increased from 0.7% in the steady stage to 23.3% 
in the inhibition stage of the thermophilic reactor, and only 5 clones and 2 clones were 
detected in the mesophilic reactor. There were 3 clones of Clostridium clariflavum sp. 
encountered in both the steady stage and recovered stage in the mesophilic reactor, and 
only one clone was encountered in the thermophilic reactor in the steady stage. 
Clostridium clariflavum sp. is a cellulose degrading bacteria which facilitates hydrolysis. 
Moreover, 4 clones and 6 clones of Clostrium differcile and 1 clone and 2 clones of 
lactobacillus sakeri subsp were encountered only in the inhibition stage and recovered 
stage in the mesophilic reactor, and 10 clones of clostridium ljungdahlii and 12 clones if 
Clostridium saccharolyticum were detected only in the recovery stage of the mesophilic 
reactor.  
Known for its acidogenesis function, Alkaliphilus were detected only in the steady 
stage, and accounted for 5% of the clones. Alkaliphilus fermented lactate via the acrylate 
pathway, and also fermented fructose and glycerol, contributing to the hydrolysis of the 
system (Fisher et al., 2008). Halothermothrix orenii gen. nov., sp., which accounted for 
5% in the steady stage and 6% in inhibition stage, produced acetate, ethanol, H2, and CO2, 
from the glucose metabolism contributing to acidogenesis (Cayol et al., 1995). Two 
clones of Lactobacillus reuteri (Jiang et al., 2009) were detected in the steady stage and 
inhibition stage in the mesophilic reactor. Lactobacillus reuteri is related to the 
acetogenic bacterium and has parallel functional acidogenesis. In the inhibition stage, 2 
clones of Clostridium sporogenes were detected, and 9% were detected in the inhibition 
stage, and because some fermentable substrates also played a role as e
- 
acceptors 
(arginine, cysteine, cysteine, methionine, pyruvic acid), glucose and pyruvic acid were 
strongly fermented (Elsden et al., 1976). Interestingly, Desulfotomaculum was detected at 
13.5% in the inhibition stage, and functioned by fermenting ac etate, pyruvate, lactate, 




producing H2S. Since methanogens are sensitive to ammonia inhibition, and have a 
substrate competitive relationship with the methanogens, the amount of 
Desulfotomaculum increased remarkably quickly. This was obvious because of the H2S 
detected in the head space. 












Distence 0.03 0.01 0.03 0.01 0.03 0.01 0.03 0.01 0.03 0.01 
Coverage 0.76  0.71  0.70  0.65  0.57  0.53  0.85  0.83  0.78  0.77  
Chao 109.43  188.60  105.11  132.11  282.63  306.00  74.00  79.33  96.33  106.11  
Shannon 2.58  2.67  3.41  3.47  3.93  4.03  2.99  3.16  3.22  3.36  
Shannoneven 0.69  0.69  0.87  0.87  0.91  0.92  0.82  0.83  0.83  0.85  
Simpson 0.21  0.21  0.06  0.06  0.03  0.02  0.08  0.07  0.06  0.05  
Simpsoneven 0.11  0.10  0.35  0.33  0.49  0.50  0.32  0.29  0.33  0.40  
Ace 321.36  494.94  151.85  238.73  561.67  642.33  106.08  125.00  231.22  241.69  
Bootstrap 55.23  62.56  63.03  69.13  98.42  106.78  47.59  56.54  60.20  63.96  
Sobs 43.00  48.00  50.00  54.00  76.00  82.00  39.00  46.00  48.00  51.00  
Invsimpson 4.75  4.81  17.56  17.89  37.17  40.80  12.41  13.52  15.97  20.37  
Npshannon 3.09  3.26  3.88  4.01  4.50  4.69  3.25  3.48  3.58  3.72  
Bergerparker 0.45  0.45  0.21  0.21  0.13  0.13  0.22  0.22  0.17  0.12  
Moorella thermoacetica is an important acetogenic bacteria with an acetyl coenzyme a 
(acetyl-CoA) or a Wood–ljungdahl pathway, a metabolic pathway that (i) autotrophically 
assimilates CO2 and (ii) is centrally important to the turnover of carbon in many habitats 
(Drake & Daniel, 2004). In the mesophilic reactor, 12 clones, 28 clones and 5 clones 
were encountered in the 3 respective stages, and one clone was detected in each stage in 
the thermophilic reactor. Compared to thermophilic reactor, 6 clones and 3 clones were 
detected in the steady and inhibition stages, respectively. Clostridium phytofermentans 
spISDg is a versatile bacterium capable of fermenting many kinds of organic matter, with 
ethanol, acetate, CO2 and H2, and even a minor amount of lactate and formate (Warnick 
et al., 2002) formed as the end-products. There were 5 clones detected in the steady stage 
and 2 clones in the inhibition stage, but none in the recovery stage of the thermophilic 
reactor. Clostridium stercorarium subsp. can produce the hydrolysis enzymes known 
collectively as xylan, a complete set of enzymes capable of hydrolyzing organic matter.  
Only 3 clones of Clostridium stercorarium subsp were detected in the steady stage of the 
thermophilic reactor. Since most of the methane produced in the mesophilic reactor is via 




this reactor.  
 
 
Fig. 5-9 Bacterial community of Mesophilic and Thermophilic reactor on hydrolysis 
(a), acidogenesis (b), acetogenesis bacteria(c) and total community (d). Venn 












































































































































































The data collected throughout the whole experiment reveal differences in the reactor 
performance at different operating TAN, even in the case of a low organic loading rate. 
These differences can be attributed to differences in the community structure. The longer 
start-up time required for reactors operated at higher temperatures can be attributed to the 
presence of Methanosarcinae when it is the only acetoclastic methanogen (McMahon et 
al., 2004). Moreover, the drop in the COD degradation potential of the reactors operated 
at higher TAN, notably at 55 °C, indicates that the performance of the reactors depends 
on the diversity of the groups in each trophic level as well as on how the groups 
complement each other. This can also be indicative of lesser stability at higher loading 
conditions.  
 
Fig. 5-10 Resilience of the reactors in mesophilic and thermophilic conditions 




temperature suggests that the community profile can be used to predict and thereby 
prevent system deterioration. Before operating the wastewater treatment plant in a real 
field application, it is clear that knowledge of the microbial characterization of the sludge 
provides environmental engineers with some solid indications to help identify potential 
bottlenecks in the process, and to eventually help in operating the treatment plant 
successfully. 
As shown in Fig. 5-9, the environmental pressure of the TAN, FA and VFA 
contributed differently to the dynamics of the microbial community (see table 5-9). TAN 
plays a dominate role in the dynamics of the hydrolytic bacteria. It contributed 0.06 on 
the F1 axis, and -0.96 on F2, as the next most dominant role after FA -0.036 and -0.73 on 
F1 and F2, respectively. The contribution of VFA was dominant, at about 0.88 to the 
dynamic of acidogenic bacteria (see table 5-9) and coming directly after FA 0.73 of the 
samples. TAN plays a dominate function with aceticlastic methanogens, and VFA has the 
dominating effect on hydrogenotrophic methanogens. FA and then VFA play the 
dominant role on the thermophilic hydrolytic bacterial community dynamics. In contrast, 
in the mesophilic reactor, TAN contributed -0.11 on the F1 axis and -0.98 on the F2 axis, 
showing its dominant contribution to the inhibition population in mesophilic conditions.  
The reactor conditions can explain the community structures in functionally stable 
(LaPara et al., 2002) and unstable (Goberna et al., 2009) bioreactors. A functional diverse 
microbial community provides a suite of parallel pathways for each metabolism step, as 
has been reported by Hashashsam (Hashsham et al., 2000), who found that systems with 
a larger number of parallel pathways have a more robust function over time. The 
dynamics of populations over time allow for the community to adjust to disturbances 
resulting from environmental pressure, providing the system with access to the total 
functional diversity and performance. Resistance, resilience and redundancy are the three 
main factors (Allison & Martiny, 2008) shown in the population dynamics: with 
resistance a population maintains abundance over time, with resilience a population 
rebounds following a disturbance, and with redundancy a disturbed population is 
replaced by a new population whose function makes the original population redundant. 
The resilience observed in the specialized bacteria utilized in hydrolysis, shown in Fig. 




of hydrolysis especially in the thermophilic condition, rather than undergo competitive 
growth of different acidogenic bacteria that have a similar function, as shown in Fig. 
2-15. There are notable differences in the inhibiting stage of the thermophilic reactor, and 
the recovery stage of the mesophilic reactor with regard to the acidogenic bacteria. In Fig. 
5-9 (c), it is clear that similar change took place in the acetogenic bacteria in the 
mesophilic stages, whereas little variation can be seen in the thermophilic stages. In other 
words, resilience was more important than resistance or redundancy for maintaining the 
function of scientific populations. The dynamics of higher-level hydrolytic and 
acidogenic bacteria, such as Clostridiales and Cloustridum, differed significantly from 
those of the acetogenic bacteria, which rely on redundancy to maintain their overall 
community function.  
To be useful for bioenergy production and bio-denitrification processes, a microbial 
community must have a stable metabolic function over time, despite the unavoidable 
perturbations and disturbances that occur in treatment systems for real wastewater. 
Understanding the structure, functions, and dynamics of a microbial community is of 
fundamental importance for the process optimization. The existence of generic early 
warning signals for regime shift-even critical transitions-could indicate a wide class of 
systems if a critical threshold is approaching. Recent studies on microbial communities 
suggest that strategies for the sustainable management of complex ecosystems should 
focus on maintaining resilience. A slower recovery from perturbations near a tipping 
point and its indirect signatures in fluctuation patterns has been suggested to foreshadow 
catastrophes in a wide variety of systems. The tolerance of microorganisms on special 
inhibitors may be enhanced by acclimatization. However, the process resilience still has a 
boundary. The theoretically predicted early warning indicators, such as an increase in 
recovery time or in the size and timescale of fluctuations must be understood.  
Fig.5-10 illustrated the two reactors critical slowing down, which can be as an 
indicator that system has lost resilience and may therefore be tripped more easily into an 
alternative state. The lag-1 autocorrelation can be inferred indirectly from rising 
“memory” in small fluctuations in the state of a system, as reflected, for instance (Dakos 
et al., 2008; Ives, 1995), mesophilic has a more compact lag-1 autocorrelation compared to 





1). The dynamic results strongly indicate that the microbial communities are 
structured very differently in the two reactors. The difference in the resilience of 
the two reactors for TAN, FA and VFA factors in the two reactors can be 
attributed to the dynamics of the microbial communities. 
3). Both the richness and diversity of communities were found to be higher under 
mesophilic conditions, leading to better reactor performance and a higher 
tolerance on TAN than under thermophilic conditions. Variations in the 
microbial community contribute to the accumulation of VFA. 
4). Aceticlastic methanogens were more dominant in the mesophilic condition than 
the thermophilic condition. Significant shifts in hydrogenotrophic methanogens 
were noted in the thermophilic condition. However, because there was less 
diversity in the thermophilic condition, this reactor is more susceptible to 









Mesophilic Methanoculleus.sp Methanosaeta Methanospirillum sp Methanobacterium Methanosarcina
35d 45.0 0.0 0.0 0.0 54.0
220d 14.0 58.0 10.0 0.0 17.0
300d 36.0 29.0 10.0 0.0 24.0
320d 37.0 20.0 1.0 30.0 6.3
350d 10.4 0.0 7.5 4.0 78.0












6 d 0.0 0.0 0.0 25.0 70.9
12 d 0.0 12.8 0.0 16.0 72.0
24 d 12.0 3.5 0.5 1.0 69.0
35 d 85.4 2.3 5.5 2.0 1.5
90 d 0.0 7.3 57.0 22.0 1.0
120 d 5.8 0.0 88.7 0.0 1.0
220 d 1.6 1.5 94.2 1.6 0.9




Table 5-6 Bacterial community with functional hydrolysis in different condition 
No. Hydrolysis M.Steady M.Inhibiton M.Recovery T.Steady T.Inhibition 
H1 Alkaliphilus oremlandii OhILAs 2 3 1 0 0 
H2 Ruminococcus champanellensis  1 0 6 0 0 
H3 Natranaerobius thermophilus 3 0 0 32 53 
H4 Clostridium clariflavum  3 0 3 1 0 
H5 Clostridiales genomosp.  69 10 7 0 0 
H6 Clostridium stercorarium subsp. 2 0 0 0 0 
H7 Clostridium thermocellum 5 2 8 31 1 
H8 Clostridium cellulolyticum 0 1 4 0 0 
H9 Clostridium botulinum  0 2 1 0 0 
H10 Clostridium acidurici 0 20 2 0 0 
H11 Clostridium phytofermentans 0 2 0 0 0 
H12 Clostridium difficile  0 4 6 0 0 
H13 Lactobacillus sakei subsp. 0 1 2 0 0 
H14 Clostridium sticklandii  0 0 1 0 0 
H15 Clostridium sp. 0 0 2 0 0 
H16 Clostridiales sp.  0 0 2 0 0 
H17 Clostridium ljungdahlii  0 0 10 0 0 
H18 Clostridium saccharolyticum 0 0 12 0 0 
H19 Eubacterium siraeum  0 0 1 0 0 
H20 Lysinibacillus sphaericus 0 1 0 0 0 
H21 Erysipelothrix rhusiopathiae str 0 1 0 1 0 
H22 Anaerobaculum hydrogeniformans 0 0 0 0 2 




Table 5-7 Bacterial community with functional acidogenesis in different conditions 
N0. Acidogensis M.Steady M.Inhibiton M.Recovery T.Steady T.Inhibition 
AC1 Carnobacterium sp.  1.0  3.0  0.0  0.0  0.0  
AC2 Parabacteroides distasonis 1.0  3.0  3.0  0.0  0.0  
AC3 Capnocytophaga canimorsus 5.0  0.0  1.0  0.0  0.0  
AC4 Clostridiales genomosp.  69.0  10.0  7.0  0.0  0.0  
AC5 Bacteroides thetaiotaomicron 2.0  2.0  0.0  0.0  0.0  
AC6 Solitalea canadensis 3.0  0.0  26.0  0.0  0.0  
AC7 Ethanoligenens harbinense 0.0  4.0  1.0  0.0  0.0  
AC8 Ornithobacterium rhinotracheale  1.0  0.0  0.0  0.0  0.0  
AC9 Advenella kashmirensis 1.0  0.0  0.0  0.0  0.0  
AC10 Lactobacillus reuteri  1.0 1.0  0.0  0.0  0.0  
AC11 Thermoanaerobacter brockii 0.0  1.0  0.0  0.0  3.0  
AC12 Roseburia intestinalis  0.0  1.0  0.0  0.0  0.0  
AC13 Bacillus megaterium  0.0  1.0  0.0  0.0  0.0  
AC14 Bacillus halodurans  0.0  1.0  0.0  0.0  0.0  
AC15 Heliobacterium modesticaldum  0.0  4.0  0.0  0.0  0.0  
AC16 Clostridium difficile  0.0  4.0  6.0  0.0  0.0  
AC17 Enterococcus faecium DO 0.0  1.0  0.0  0.0  0.0  
AC18 Halothiobacillus neapolitanus 0.0  1.0  0.0  0.0  0.0  
AC19 Paludibacter propionicigenes 0.0  0.0  1.0  0.0  0.0  
AC20 Staphylococcus pseudintermedius  0.0  0.0  1.0  0.0  0.0  




0.0  0.0  2.0  0.0  0.0  
AC23 Psychrobacter arcticus 0.0  0.0  1.0  0.0  0.0  
AC24 Hippea maritima 0.0  0.0  1.0  0.0  0.0  
AC25 Ruminococcaceae bacterium 0.0  0.0  0.0  2.0  0.0  
AC26 Syntrophothermus lipocalidus 0.0  0.0  0.0  2.0  0.0  
AC27 Pelotomaculum thermopropionicum 0.0  0.0  0.0  5.0  0.0  
AC28 Clostridium sporogenes 0.0  0.0  0.0  12.0  0.0  
AC29 Cytophaga hutchinsonii 0.0  0.0  0.0  0.0  1.0  
AC30 Riemerella anatipestifer 0.0  0.0  0.0  0.0  3.0  
AC31 Leadbetterella byssophila 0.0  0.0  0.0  0.0  2.0  
AC32 Propionibacterium 0.0  0.0  0.0  0.0  3.0  
AC33 Alkaliphilus 0.0  0.0  0.0  0.0  7.0  

















AEC1 Moorella thermoacetica 12 28 5 4 1 
AEC2 Alkaliphilus metalliredigens 0 0 2 1 1 
AEC3 Syntrophomonas wolfei subsp. 0 1 1 2 2 








5 0 3 0 0 




0 0 0 1 1 
AEC9 Thermoanaerobacter wiegelii 1 1 0 0 0 
AEC1
0 
Lactobacillus reuteri 1 1 0 0 0 
AEC1
1 
Pseudomonas mendocina ymp  0 3 0 0 0 
AEC1
2 
Sphaerochaeta pleomorpha str 0 0 1 0 0 
AEC1
3 
Paludibacter propionicigenes 0 0 1 0 0 
AEC1
4 
Ruminococcus albus 0 0 7 0 0 
AEC1
5 




Table 5-9 CCA calculation of bacterial community with functional groups in different 
conditions 
H  Contributions (Sites): 
 
AC   Contributions (Sites): 
 
  F1 F2 F3   F1 F2 F3 
M.Steady 0.009 0.117 0.140 M.Steady 0.081 0.099 0.193 
M.Inhibiton 0.111 0.716 0.002 M.Inhibiton 0.019 0.014 0.788 
M.Recovery 0.418 0.158 0.158 M.Recovery 0.045 0.711 0.008 
T.Steady 0.057 0.000 0.290 T.Steady 0.020 0.176 0.010 
T.Inhibition 0.405 0.009 0.409 T.Inhibition 0.835 0.000 0.002 




  F1 F2 F3   F1 F2 F3 
VFA 6.586 2.644 -7.763 VFA 0.453 -11.536 0.626 
TAN 4.476 0.140 -3.103 TAN -1.076 -5.996 1.742 
FA -10.445 -3.394 9.490 FA 1.218 16.256 -1.412 
Standard coordinates (Variables): 
 
Standard coordinates (Variables): 
 
  F1 F2 F3   F1 F2 F3 
VFA -0.476 -0.520 -0.709 VFA 0.889 -0.027 0.456 
TAN 0.065 -0.960 -0.272 TAN 0.274 0.063 0.960 
FA -0.368 -0.739 -0.564 FA 0.732 0.066 0.678 
        
AEC Contributions (Sites): 
 
Total   Contributions (Sites): 
 
  F1 F2 F3   F1 F2 F3 
M.Steady 0.045 0.033 0.325 M.Steady 0.001 0.240 0.050 
M.Inhibiton 0.044 0.500 0.079 M.Inhibiton 0.185 0.539 0.091 
M.Recovery 0.394 0.353 0.013 M.Recovery 0.221 0.037 0.485 
T.Steady 0.094 0.007 0.218 T.Steady 0.008 0.067 0.268 





  F1 F2 F3   F1 F2 F3 
VFA 6.897 4.885 -5.784 VFA -4.177 -1.148 -10.187 
TAN 6.655 2.123 -3.583 TAN -3.582 -1.307 -4.359 
FA -12.683 -7.095 7.884 FA 7.404 1.283 13.329 
Standard coordinates (Variables): 
 
Standard coordinates (Variables): 
 
  F1 F2 F3   F1 F2 F3 
VFA -0.375 -0.303 -0.876 VFA 0.588 -0.769 -0.252 
TAN 0.109 -0.820 -0.562 TAN -0.111 -0.981 0.156 
FA -0.226 -0.595 -0.771 FA 0.413 -0.908 -0.067 
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Chapter 6 General conclusion and perspectives  
 
 
6.1 Methane production of high solid CM fermentation 
6.2 Ammonia inhibition and inhibition recovery 
6.3 Microbial community dynamics and process resilience 
















  Anaerobic digestion has a number of benefits as a manure treatment technology, 
including greenhouse gas and odor reduction, increased nutrient availability, and reduced 
pathogen risk. There is also a potential for electricity generation and energy recovery, 
although this is only achieved at additional cost. The economic feasibility of the energy 
conversion technology varies significantly with scale, with significant advantages for 
larger facilities. The energy production from methane fermentation was evaluated in the 




6.1 Methane production of high solid CM fermentation 
Production of methane via anaerobic digestion of CM would benefit society by 
providing a clean fuel and bio-waste degradation. These would replace fossil fuel-derived 
energy and reduce environmental impacts including global warming and acid rain. The 
methane fermentation of high solid CM can be described with the  
C7.5H12.4O4.8N S0.13+3.91H2O⇒ 3.74CH4+2.76CO2+NH4+HCO3+0.13H2S 
Based on elements analysis, CM fermentation was described in stoichiometry owning 
0.74 m
3
 /kgVS degraded biogas production and 70.93 g/kgVSdegraded of ammonia nitrogen 
without inhibition. The feasibility of mesophilic fermentation with high solid of CM was 
established at TAN lower than 5000 mg/L compared to 4000 mg/L in thermophilic 
reactor. Methane fermentation of high solid (10%) CM can be achieved below the TAN 
concentration of 4000 mg/L both in mesophilic and thermophilic conditions.   
Process indicator of VFA accumulation responding to ammonia with TAN varies from 
5000 mg/L to 10000 mg/L in mesophilic condition. A distinct rise in VFA accumulation 
combined with a low methane production of 0.29 L/gVS occurred at a TAN of  4000～
5000 mg/L. The synthetic inhibition of VFA and TAN caused the process failure. With 
the purpose of engineering application, the evaluation of feeding TS was conducted for 
the CM fermentation. The guideline for engineering application is imperative.  
6.2 Ammonia inhibition and inhibition recovery 
Tolerance of hydrolysis, acidogenesis and methanogenesis were distinguished 
quantitively by model simulation. Methanogenesis inactivation occurred at lower 
ammonia concentration than hydrolysis and acidogenesis, which proved that 
methanogenesis is the most sensitive one among the three steps. The IC50 of TAN for 
methanogenesis, acidogenesis and hydrolysis was 5058, 5305 and 5707 mg/L at pH value 
of 8.1±0.2 in thermophilic reactor. TAN concentration in mesophilic reactor were 10300 
mg/L, 14600 mg/L and 14300mg/L, respectively, which is higher than that in 
thermophilic reactor. Mesophhlic reactor can afford a TAN concentration of 10000 mg/L 
and thermophilic is lower of 5000mg/L for biogas production. Recovery stratagem of 
dilution was failed since after synthesized inhibition of ammonia and VFA. Contrastly, 




4000 mg/L and FA lower than 500 mg/L. The reactor was successfully recovered from 
the seriously inhibition with TAN 16000 mg/L.  
6.3 Microbial community dynamics and process resilience 
Microbial communities were identified before and after inhibition by cloning analysis. 
Acetate utilizing Methanosarcina mazei Go1 represented 11.1% but none was detected 
after inhibition, thus revealing serious VFA accumulation in thermophilic reactor. 
Aceticlastic Methanosarcina sp. was the dominant methanogen with a TAN 
concentration below 5000 mg/L. Hydrogenotrophic Methanoculleus sp. increased from 
2% to 50% following the increase of TAN. After recovering from serious inhibition, 
aceticlastic Methanosarcina sp. was shown thrived, accounting for 72% of the population 
in mesophilic reactor. TRFLP results illustrated that the aceticlastic Methanosaeta are 
more sensitive than aceticlastic Methanosarcina. The hydrogenotrophic methanogens are 
more tolerant than aceticlastic methanogens responding to the ammonia concentration. 
Aceticlastic methanogens are more sensitive to ammonia inhibition, thus revealing 
serious VFA accumulation. Archaea was shown to have a strong resilience in both 
community structure and function. 
In thermophilic reactor, the dominant phylum of Firmicutes was 84.3% and 95% 
before and after inhibition, with the dominate gene of Natranaerobius encountered at 
38% and 24%, contributing to hydrolysis and acidogenesis. In mesophilic reactor, the 
dominate phylum of Firmicutes was 74%, 92% and 60%, respectively. Higher diversity 
and a chaotic shift were found in the recovered stage with functional resilience even with 
a TAN of over 16000 mg/L. Acidogenic bacteria, Solitalea Canadensis, accounted for 
17.4% of the cloning library in the recovered stage. The dynamic results strongly 
indicated that high resilience in mesophilic reactor and lower resilience both in microbial 
community and functional resilience.  
The difference in the resilience of the two reactors for TAN, FA and VFA factors in 
the two reactors can be attributed to the dynamics of the microbial communities. Both the 
richness and diversity of communities were higher under mesophilic conditions than 
thermophilic reactor, leading to a better reactor performance and a higher tolerance on 
TAN. Thus, the recoverable process of mesophilic reactor was operated and the 




6.4 Engineering applications and perspectives for the future research  
 
Engineering application of CM methane fermentation can be summarized in the above 
chart. A full scale reactor feed with 10 tons per day can be produce 6000 m
3
CH4/d, which 
equals 1800 kWh/d of electric power. From the calculation and the experience results 
during this study, several recommendations can be proposed. The recommendations can 
be distinguished into three parts:  
1). For engineering application, a high solid of 10% of CM can be stably obtained 
in both of mesophilic and thermophilic conditions while feeding with ammonia 
stripping CM keeping the TAN concentration below 4000 mg/L.  
2). The mesophilic process is more suitable for full scale design of CM methane 
fermentation with high tolerance of ammonia concentration. Keeping the 
process indicator of VFA below 5000 mg/L is important for the process stability. 
The management of the reactor should pay more attention on the functional 
resilience of microbial communities.  
3). Once the process was inhibited, washing and dilution is an effective way for the 
recovery process.  
For the perspectives of the future research:  
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From this study, the treatment of high ammonia content organic matter should have 
paid more attentions. Ammonia stripping is an efficient pretreatment for the methane 
fermentation of CM by ammonia control. However, even after fermentation with bio 
methane-collected, the effluent of methane fermentation wastewater (MFW) still has a 
high COD and ammonia content. More efforts is required particularly on the two key 
issues, ①the removal efficiency of high solid biomass in methane fermentation needs to 
be improved, and ②a method for the post treatment of MFW is also required for the 
remained COD and ammonia. The results of my recent research showed that the ratio of 
COD/NH4
+
 in the MFW differed significantly in the enhanced reactor with microbial 
acclimation, which confirmed that with appropriate treatment, bio-waste can be recycled 
into a resource by CH4 fermentation and completely degraded by a novel denitrogen 
process. Our perspective of future research is complementing a novel treatment process 
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